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NOTE BY THE AMERICAN EDITOR. 



Mt object in undertaking the revision of the Tieatise 

on Optics by Dr. Brewster was, principally, to introduce 

an Appendix, containing such a discussion of the subjects 

of Reflexion and Refraction, as might adapt the work to 

use in those of our colleges in which considerable ext^i. 

sion is given to the course of Natural Philosophy. In 

this revision, I have thought it best, without specially 

calling the attention of the reader to them, to correct 

such errors as my comparatively limited knowledge of 

the subject assured me, would not have been passed 

over by the author in a second Edition. 

A. D. BACHE. 
J^kUaddpkia, Jan., 1883. 
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A TREATISE ON OFTICS. 



INTRODUCTION. 

(1). Optics, from a Greek word which signifies to see, k 
that branch of knowledge which treats of the properties of 
Ught and of vision, as performed by the human eje. 

(2). Light is an emanation, or something which proceeds 
fix)m bodies, and by means of which we are enabled to sed « 
tkem by Ihe eye. All visible bodies may be divided into two 
classes — sdf4unn7ums and nonrluminous. 

iSelfUuminous bodies, such as the stars, Qames of all kind% 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Nonduminous bodies are those which have not the power of 
discharging li^];it of themselves, but which throw oack the 
tight which &ii8 upon them from self-luminous bodiea One 
Dcm-lnminous body may receive light from another non-lumi* 
nous body, and discharge it upon a third ; but in every case 
the light must originelly come from a sel^luminoms body. 
When a lighted candle is brought into a dark room, the form 
of the flame is seefi by the n^ht which proceeds from the 
flame itself; but the objects in £e room are seen by the light 
which tiiey receive from the candle, and again throw back ; 
while other objects, on which the light of the candle does not 
fell, receive light from "the white ceiling and walls, and thus • 
become visible to the eye. 

(3). All bodies, whether self-luminous or non-luminous, dis- 
charge light of the same color with themselves. A red flame 
or a red-hot body discharges, red light ; and a piece of red 
cloth discharges red ligh^ though it is illuminated by the 
white Ik^ht of the sun. 

(4]). Light is emitted from every visible point of a luminous 
or of an illuminated body, and in every direction in which the 
noint is visible. If we look at the flame of a candle, or at a 
4ieet of white paper, and magnify them ever so much, we 
««UU1 not observe any points destitute of light 
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(5.^ Light moves in straight lines, and consists of sepKuate 
and independent parts, call^ rays of light If we idmit the 
light of the sun into a dark room through a small hrtle, it will 
illuminate a spot on the wall exactly opposite to the sun, — ^the 
middle oi the spot, the middle of the hde, aiiid the middle of 
the sun, heing ad in the same straight line. If there is dust 
or smoke in the room, the pro^^ress of the light in straight 
lines will he distinctly seen. If we stop a very small portion 
of the admitted light, and allow the rest to pass, or if we slopr 
nearly the whole Tight, and allow only the smallest portion to 
pass, the part which passes is not in the slightest degree af' 
tected hy its separation from the rest The smallest portion 
of light which we can either stop or allow to pass is called a 
ray of li^ht. 

(6). Light moves with a velocity of 192,500 miles in a 
second of time. It travels from the sun to the"" earth in seven 
minutes and a half It moves through a space equal to the 
circumference of our globe in the 8th put of a second, a 
flight which the swiftest bird could not perform in less than 
three weeks. 

(7). When light falls upon any body whatever, part of it is 
reflected or driven back, and part of it enters the body, and is 
either lost- within it or transmitted through it When the 
body is bright and well polished like silver, a great part of the 
li^ht is reflected, and the remainder lost within the silver, 
which can transmit light only when hammered out into the 
thinnest film. When the body is transparent, like ^lass or 
water, almost i^ the \isht is transmitted, and only a small 
part of it reflected. The light which is driven back from 
bodies is reflected according to particular laws, the considera^ 
tion of which forms that branch of optics called catoptrics; 
and th« light which is transmitted through transparent bodies 
is transmitted according to particular laws, the consideration 
of which constitutes the subject of dioptrics. 
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PART I. 

ON THE REFLEXION AND RBFRAOnON OP LIQBT. 



CATOPTRICS. 



(B.) Oatqptrios is that branch of optica which tr^ati of 
the progfress c^ rays of light after they are reflected from 0ur« 
mcee either plane or curved, and of the fi)nnation of images 
from objects placed before such surface& 

CHAP. I. 

RETLBXION BY SPECVUL AND MIRRORS. 

(9.) Ant substance of a regular form employed for the pv^ 
pose of reflecting light, or a^ forming images of objects, is 
called a spectdttm or mirror. It is ffenerafly made of metal 
or glass, having a highly polished sur&ce. The name of mir- 
ror is commomy given to reflectors that are made of glass; 
and the glass is always quicksilvered on the back, to make it 
reflect more light The word speculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either planer concoDe^ at 
convex, 

A plane speculum is one which is perfectly flat, like H look* 
ing-^ass ; a concave speculum isjone which is hollow Mke the 
infflde of a watch-glasa; and a convex speculum is one whicn 
is round like the outside of a watch-glass. 

As the light which falte upon glass mirrors is intercepted 
by the glass before it is reflected &om the quick-silvered sur- 
nee, we shall suppose all our mirrors to be formed of pdished 
metal, as they are in almost all optical instruments. 
(IL) When a ray of light, A D,^. 1., falls upon a plane 

speculum, M N, at the point D, it wif' 
b6 reflected or driven back in a direction 
D B, which is as much inclined to £ D 
a line perpendicular to M N, as the ray 
A D was ; that is, the angle B D E i# 
equal to A D E, or the circular arc B E 
is equal to E A. 
B 
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The ray A D is called the incident ray, and D B the re- 
flected ray, A D £ the angle of incidence^ and B D £ the 
angle of rejleacion ; and a plane passings through A D and» 
D B, or the plane in which these two lines lie, is called the 
plane of incidence, or the plane 6f reflexion. 

(12.) When the speculum is cSncave, as M N,fig. 2., then 

Fig. 2. if C be the centre of the circle of 

which M N is a part, the incident ray 

A D and the reflected ray D B will 

form e€[ual angles with the line C D, 

which IS perpendicular to the small 

portion of the speculum on which the 

ray falls at D. Hence in this case also 

the an^e ei incidence A P £ is equal 

to the angle of reflexion BDj^, 

(13.) When the speculum is convex, as M N,Jig, 3., let C 

be the centre of the circle of which M N 
forms a part, and C £ a line drawn 
through D ; then the angle of incidence 
A D £ will be equal to the angle of re- 
flexion B D £. 

These results are found to be true by 
experiment; and they may be easUy 
proved by admitting « ray of the sun^ 
light through a hole in the window-gut- 
ter, and making it fiill on the mirrors 
M N in the direction A D, when it will 
be seen reflected in the direction I> B. 
If the mcident ray A D is made to approach the perpendicular 
D £, the reflected ray D B will also approach the perpendicu- 
lar D £ ; and when the ray A D flills in the direction £ D, it 
will be reflected in the direction D £. In like manner 
when the ray A D approaches to D N, the ray D B. will ap- 
proach to D M. 

(14) As these results are true under all circumstances, we 
may consider it as a general law, that when light falls «^N>7t 
any surface, whether plane or curved, the angle of its reflex* 
ion is equal to the angle of its incidence. 

Hence we have a method of universal application for find- 
ing the direction of a reflected ray when we know the direc- 
tion of the incident ray. If A D, for* example, ^«. 1, 2, 3.» 
is the direction in which the incident ray falls upon the mirror 
at D, draw the perpendicular D £ tn^. 1., and in fg. 2 or 
Jig. 3. draw a line from D to C, the centre of the curved sur- 
foce M N ; and, having described a circle M B £ A N round 
D as a centre, take the distance A £ in the compasses and 
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cany it from E to B, and havinj? drawn a line ftom D to B; D B 
will be the direction of the refected lay. 



Reflexion of Ratfsfrom Plane'Wrrors. 

(15.) Refieanon ofparaUel ray9. When parallel or equidis- 
tant rays, A D, A' ty^fig. 4, are incident upon a plane mir- 




ror, M N, they will continue to be parallel after reflexion. By 
the method already explained, describe arches of circles round 
D, D' as centres, and make the arch from £ towards B equal 
to that between A D and D E, and also the arch from E' to- 
wards B' equal to that between A' D' and D' £' ; then drawing 
the lines D B, ]> B', it will be feund tiiat these lines are par- 
allel If the space between A D and A' D' is filled with other 
rays parallel to A D, so as to constitute a parallel beam or 
mass of light, A A' D' D, the reflected rays will be-all parallel 
to B D, and will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted*; for the side A D, 
which was uppermost liefore reflexion, will be undermost, as 
at D B, after reflexion. » 

(16.) Refleocion of diverging rays, Divergmg rays are 
iboBe which proceed from a point. A, and separate as they ad- 
vance^ like A D, A D', A D"* When such rays fall upon a 

Fig. 5. 
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dane minor M N, J^. Bv, they will be reflected in ditecUoiu' 
D B, D' B', D" B", maidng the angles B D E, B' D' B', 
B" D" E" reroectively, equal to A D E, A D' E', A D" B" ; 
Ae lines D E< D' E,' D" E" being drawn from the points 
D, jy, D", where the njs are incident, perpendicular to M N ; 



A ia before it; that is, if A N A' be drawn perpendicular to 
M N, A' N will be equal to A N. Hence the rays will have 
the same divergencyaiter refiexion ae tbey had bclbre it If 
we consider A D" D as a divergent beam of light included 
between A D and A P", then the reflected b^m included 
between D B and D" B" will diverge from A', and will be in- 
verted after rafleiion. 

(17.) Reflexion of converging ray*. Converging rays 
■re thcee which proceed irom several points A A' A". ,fig. S., 
towards me prant B. When Bucb rays &11 upon a plane 



niimr, H N, diey will be reflected in direetianB D B', D' B', 
D" B', forming the tame angtee with the perpendicidara I> E, 
IVE', D" B",Bslhe incident ravadid, and eonver^ng to a point 
B'-as fill before the mirror as the tDoint B ia behmd it U* we 
consider A D I)" A" aa a oonvergSng beam of light, D" B' D 
wiH be itsfonn after reflexion. 

In all these caaea the refleiion does nothing more than 
invert the inoident beam of light, and sh^^ its point of diver- v 
gence or ccuvergence to the o{^>c«te aide ^ the mirror. 

Reflexion, ef Rayf from Cmtctnte ilftrrora. 
(18.) Bejfeawn nf paralM ray*. Let M N, fc. 7., be a, 
ctaicave mirrof wbfie centre of concavity is C ; and let A D, 
AM, A N be parallel rays, or a parallel beaai of light falling 
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up(ni it, at and near to the vertex D. Then, since C M, C N 
are perpendicular to the sur&ce of the mirror at the points M 
and N, C M A, C N A wiQ he the angles of incidence of te 
►rajrs A M, A N. Make the angles of reflexion C M F, C N F 
equal to C M A, C N A, and it will be found that the lines 
M F, N F meet at F in the line A D, and these lines M F, 
N F will be the reflected rays. The ray A C D bein^ per- 
pendicular to the mirror at D, because it passes throu^ the 

Fig, 7. 




raA- 



' ^,..^^° 



centre C, will be reflected in an opposite direction D F ; so 
that all the three rays, A M, A D, and A N, wDl meet at one 
point, F. In like manner it will be found that all other rays 
between A M and A N, falling^ upon other points of the mirror 
between M and N, will be reflected to the same point F. The 
point F, in which a concave mirror collects the rays which fell 
upon it, is called thefocus^ or fire-place, because the rays thus 
collected have the power of burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point F is called its prinf 
cipalfocusy or ita focus for parallel rays. When we consider 
that the rays which form the beam A M N A occupy a l;irg^ 
space before they fall upon the mirror M N, and by reflexion 
are condensed upon a small space at F, it is easy to understand 
how they have the power of burning bodies placed at F. 

Rule. — The distance of the focus F from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's ccwacavijy. The distance F D is called the 
principal food distance of the mirror. The truth of this rule 
may be found by projecting fig. 7. upon a large scfde, and by 
taking the points M N near to D. 

(19.) Reflexion of diverging rays. Let M N, fif. 8., 
be a concave mirror, whose centre of concavity as C; 
and let rays A M, A D, A N, diverging or radiatmg from 
the point A, Ml upon the mirror at the points, M, D, N, 
a^d be reflected from these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the points TVi, D, and N, we shall find 

B2 
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the reflected rays M F, N F, by making the angle F M C 
equaltoAMC,andFNCequfatoANC; and the point F 
¥mere these rays meet will be the focus where the diverging 
rays A M, A N are cdlected. By comparin^^. 7. with^. 
8. it is obvious that, as the incident ray A M m^. 8. is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected ray Af F will also be nearer the perpendiciUar C M 
than the same ray uo^fi*. 7. ; and as the same is true of the 
reflected ray N F, it ^Ikws that the point F must be nearer 
C in^^. 8. than in jj^. 7. ; that is, in the reflexion of diverg- 
ing rays the focal diSance D F of the mirror is greater thui 
its focal distance for parallel i^ys. 

If we suppose the point of divergence A, Jig, 8., or the 
radiant painty as it is called, to approach to C, the incident 
rays A M, A N will approach to the perpendiculars C M, C N, 
and consequently the reflected rays M F, N F will also ap- 
proach to C M, U N ; that is, as the radiant point A approaches 
to the centre of concavity C, the focus F also approaches to 
^t, so that when A reaches C, F will also reach C ; that is^ 
when rays diverge from the centre, C, of a ccmcave mirror, 
they will all be reflected to the same point 

If the radiant point A passes C towards D, then the fecus F 
will pass C towards A ; so that if the light now diverges fii^m 
F It will be collected in A, the ]points that were formerly the 
radiant points being now the foci. From this relation, or in- 
terchange, between the radiant pdnts and the foci, the points 
A and F have been called conjugaU fbci, because if either 
of tliem be the radiant point the o^er will be the ^bcoZ point 

If in^^. 7. we suppose F to be the radiant point, then the 
focal point A will be at an infinite distance; that is, the rays 
will never meet in a focus, but will be parallel, like M A, N ▲ 
in ng. 7. 

In like manner it is obvious, that if the point F is at/ as in 
fig, 0., the reflected rays ¥fiU be Mo, Na; that isr they will 
diverge firom some point, A','bdund the mirror M J^ ; ^and as 
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/approaches to D, they will diverge more and more, as if the 
point A^, from which they seem to diverge, approached to 
D. The point A' hehind the mirror, from which the rays M a, 
N a seem to proceed, or at which they would meet if they 
moved backwards in the directions a M, a N is called their 
virtual focust because they only tend to meet in that focus. 

In all these cases the distance of the fecus F may be deter- 
mined either by projection or by the following rule,*the radius 
of the concavity of the rairrbr, C D, and the distance, A D, 
of the radiant point, being given. r^^. , , 

RuuB. Multiply the distance, A D, of the radiant point fh)m -^ '■) - ^ 
the mirror by die radius, C D, of the mirror, and divide this ^-^^ 
product by the difierence between twice the distance of the 3AD • ^ - 
radiant point and the radius of the mirror, and the quotient 
will be F D, the conjugate focal distance required. 

In applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
hi f, fig, 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
win be given by the rule. 

(20.) Reflexion of converging rays. Let M N,j%*. 10., be 
B concave mirror whose centre of concavity is C, and let rays 
A M, A D, A N, converging to a point A' behind the mirror, fell 
upon the mirror at the points M, D, and N, and sufifer reflexion 
at these pomts ; M and N being near to D. The lines C M, C D, 
and G N being perpendicular to the mirror at the pomts M, D, 
and N, we shtdl find the reflected rays M F and N F by making 
the angle F M C equal to A M C, and FNC equal to A N C; 
and the point F, where these rays meet, will be the foctis where 
the converging rays A M, A N are collected. B^ comparing 
J^. 10. wimfig, 7. it will be manifest, that, as the incident ray 
A M in Jig, 10. ia farther £rom the perpendicular C M than 
the same ray A M in^^. 7., the reflected ray M F in^. 10 
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will also be &rther from the perpendicular C M than the same 
ray in fig. 7. ; and as the same is true of the reflected ray N F, 
it follows that the point F must be &rther from C inj^. 10. 
than inj^^. 7. ; that is, in the reflexion of converging ra^s, 
the conjugate focal distance D F of the mirror is less than its 
distance for parallel ray& 

If we suppose the point of convergence A', fig. 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
Derpendiculars CM, C N ; and as the reflected rays M F, 
N F will also recede from C M, C N, the focus F wHl like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
their point of convergence A' recedes &rther from D to the 
l^fl, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
fig. 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
£)llowing rule. 

Rule. Multiply the distance of the point of convergence 
from the mirror by the radius of the nurror, and divide this 
product by the sum of twice the distance of the radiant point 
and the*i«dius C D, and the quotient wiQ be the distance of 
the focus, or F D, the focus F being always in front of the 
mirror. 

R^exion of Rays from Convex Mirrors, 

(21.) Reflexion of parallel rays. Let M N, fig. 11., be a 
convex mirror whose centre is C, and let A M, A D, A N be 
parallel rays falling upon it Continue the lines C M and C N 
to £, and M £, N £ will be perpendicular to the surfiice of 
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the mirror at the points M and N. The rays A M» A N will 
therefiire be reflected in directions M B, ^f B, the angies of 
reflexion £ M B, £ N B being equal to the angles of incidence 
£ M A* £.N A. By continuing the reflected rays B'M, B N 
backwards, they will be feund to meet at F, their virtual focus 
behind the mirror; and the focal distance D F for paralld rays 




will be almost exactly one half of the radius of convexity 
C D, provided the points M and N are taken near D. 

(^) Reflexion of diverging rays. Let M ^ifig* 12^ be a 
convex mirror, C its centre of convexity, and A M, AN rays 




c^ 



diverging from A, which fall upon the mirror at the points 
M, N. The lines CMEandCNEwillbe, as before, per- 
pendicular to the muTor at M and N ; and jconsequently, if 
;we make the angles of reflexion E M B, E N B equal to the 
angles of incidence E M A, E N A, M B, N B will be the re- 
flected rays whicli, when continued backward^ will meet at 
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F, their viHual fi)cus beh&id the miiror. By comparmg Jig". 
12. with Jig, 11., it is obvious that the ray A M, fig, 12., is 
fiurther from M E than in fig, 11., and consequently the re- 
flected tay M B must also be &rther from it Hence, as the 
same is true of the ray N B, the point F, where these rays 
meet, must be nearer to D in^. 12. than in^. 11. ; that is, 
in the reflexion of diverging rays, the virtual fecal distance 
D F is less than for parallel ray& 

For the same reason, if we suppose the point c^ divergence 
A to approach the mirror, the virtual focus F will also approach 
it ; and when A arrives at D, F will also arrive at D. Li like 
manner, if A recedes from the mirror, F will recede from it ; 
and when A is infinitely distant, or when the rays become 
parallel, AS in^^. 11., F will be half-way between D and C. In 
all these cases, the focus is a virtual one behind the mirror.* 
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IMAGES FORMED BT MIBBOBS. 

(23.) The image of any object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a white 
ground, such as a sheet of paper. Images are generally form- 
ed by mirrors or lenses ; though they may be formed also by 
placmg a screen, with a small aperture, between the object 
and the sheet of paper which is to receive the image. In 
order to understand this, let C D be a screen or window-shut- 




ter with a small aperture, A, and E F a sheet of white paper 
placed in a dark room. Then, if an illuminate object, R G ]E^ 
IS placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper nir gb. In 
order to understand how this takes place, let us suppose the 
object R Bio Iftrve three distinct colors, red at R, green at Gv 
and blue at B ; then it is plain that the red light m>m R wfll 

* For a discuii^ion of the subjects in this chapter, see (in the College Edi • 
tion) the Aj^ndiz of American Editor, Chapter L 
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pas in strai^t lines throogh the aperture A, and Ml upon 
the paper E F at r. In like manner the green light from G 
will fidl upon the paper at g, and the blue \\sht mnn B will 
&11 upon the paper at b ; thus painting upon the paper an m* 
verted image, r6, of the object, R R As every colored pdnt 
in the object R B has a colored point corresponding to it» and 
c^posite to it on the paper £ F, the image b r will be an ac- 
curate picture of the object R B, provided thd aperture A is 
very small. But if we increase the aperture, the image will 
become less distinct; and it will be nearly obliterated when 
the aperture is large. The reason of this is, that, with a 
lar^ aperture, two adjacent points of the object will throw 
their light on the same point of the paper, and thus create 
confiis^ in the image. 

Jt is obvious from^. 13., that the size of the ima^e b r will 
increase with the distance of the paper E F behind the hole 
A. If A^ is equal to A G, the image will be equal to the 
object; if A^ is less than A G, the image will be less than 
the object; and if A ^ is greater than AG, the image will 
be greater than the o^ect 

As each point of an object throws out rays in all directions^ 
it is manifest that those only which fidl upon the small aper- 
ture at A concur in forming the image b r ; and as the num- 
ber of these rays is very small, the image b r must have very 
little light, and therefore cannot be us<^ for any optical pur- 
posea This evil is completely remedied in the formation of 
images by mirrors and lenses. ' 

igjl^ Fomrntion of images by concave mirrors. Let A B, 
figTTLf be a concave mirror whose centre is C, and let M N 
be an cibject placed at some distance before it Of all the 




rays emitted in everjr direction by the pomt M, the mirror re- 
ceives only those which lie between M A and M B, or a cone* 
of rays MA B whose base is the spherical mhror, the section 
of which is A R If we draw the reflected rays A m, B m, 
for all the incident rays MA, M B, by the methods already 
described, we shall find that they will all meet at the point w, 



A 
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md will there paint the extremity M (^ the dject In like 
manner, the eone of nyB N A B flowing from the other ex- 
tremity N of the object will be reflect^ to a fecns at n, and 
will there paint that point d the object For the same reason, 
cones of rays flowing from intermediate ^ints between M 
and N will be reflected to intermediate pomts in the image 
between m and n, and m n wiU be an exact inverted pictm'e 
of the object M N. It will also be very bright, because a 
^reat number of rays concur in iRnrming eadi point of the 
image. The distance of the image from the mirror is fi)und 
bf me same rule which we have given for finding the focus of 
diverging rays, the points M, m in^. 14. corresponding with 
A and F in j^. a 

If we measure the relative sizes of the object M N and ite 
image m 91, we shdl find that in every case the size of the 
image is to the size 6t the object as the distance of the image 
firom the mirror is to the distance of the object from it 

If the concave mirror A B is large, and if the object M N 
is very bright, such as a plaster of Paris statue stnni^y illu- 
minated, the image m n will appear suspended in the air; and 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variation in the 
size and place oi the image. When Sie object is placed at 
mn, a magnified representation oi it will be formed at M N. 
(25.) F<nin<Uion of images inf cenvex mirrors. In concave 
mirrors there is, in all cases, a real imaf^e of the object formed 
in front of the mirror, excepting when me object is placed be^ 
tween the {Nfincipal focus and the mirror, m which case it 
gives a vktual image formed behind it ; whereas in convex 
mirrors the image is always a virtual one filmed behind the 
mirror. 
Let A B,^. 15., be a convex mirror whose centre is C, and 
j^ j^ M N an object placed before it ; aiMl let 

the eye of the observer be situated any- 
where in front of the mirror, as at £. 
Out of the great number of mys which 
are emitted m every direction from ^the 
points M, N of the object, and are sub- 
sequently reflected from the mirror, a 
few only can enter the eye at K Those 
which do enter the eye, such as D E, 
FEandGE, HE,w01l)e reflected 
fifom the portions D F, GH of the mir- 
ror so situated with respect to the eye 
and the pomts M, N that the angles of incidence and reflexion 
will be equal The ray M D will be reflected in a direction 
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the mya D E, F E, thej will meet at m ; and they will there- 
. tore appear to the eye to hitve come frooi the point m as their 
focus. For the Bame leoeou the rays G Eg H E will appear la 
came from Ihe point n as their (bcus, and m n will be the vir- 
tual image of the object M N. It ie called virtual because it 
ia not fiirmed by the actual uniou of rays in a fecin, and cannot 
be received upon y^per. If the eye E is placed in any otlier 
position belbre the mirror, and if rays are drawn frum M aiid 
N, which after reflexion enter the eye, it will be tbund tJiat 
these raye continued backwards will have their virtual foci at 
tn and n. Hence, in every poaition of the eye before the mir- 
ror, the iinag« will be seen in the same spot mn. If we draw 
the Ibes C M, C N trom the centre of the mirror, we shall 
find that the points nt, n are always in these lines. Hence il 
is obvious that the image m n ia always erect, and leffl than 
the object It will approach to the mirror as the object M N 
approaches to it, and it will recede from it as M n recedes ; 
and when M N is infinitely distant, and the rays which it 
emits become parallel, the image tn n wiil be half-way be- 
tween C and the mirror. In other pceitions of the object the 
distance of the ima^e will be found Dy the rul« already given 
for diverging rays felling upon ccfivex mirrors. The size of 
the image is to the size of the object, as C m, the distance of 
the image from the centre of the mirror, is ]a C M, the dis- 
tance (rf the object In approaching the mirror, the image 



( mirrois, unless when they 

(26.) formation o^ image* by plane mirrort. Let A B, 

"■ " Jto", 16., be a plane mirror or looking-glass, 

, MN an object situated before it, and E 

> tiie place of file eye ; then, upon the very 

f «ame prir-ciples which we have explain^ 

for a convex mirror, it will be tbund that 

B_ an image of M N will be formed at m n, 

the virtual foci m, n being determined ^ 

continuing back the reflected rays O E, 

F E till they meet at m, and G £, H E tiU 

tliey meet at n. If we join the points 

M, m and N, n, the Imes M ni, N n will 
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be petptnclicular to tbe minw A B, anl cooseqiiendf parallel ; 

ana the ima^ will beat tbeBiiiediBtaiice,ai]n have the game 
position behind the mirror that the object hiu be&re it. Hencs 
we see the reason whj the images of all objecta seen in a 
looking-glass have the same form, and diatonce as the object! 
themselves.* 



DIOPTRICS. 

C2T.) DioPTRice ia that branch of optics which treats of the 

>aa of those rays of light whic' 1. 1^... 

'e tmiBiiiitted through tbeii si 
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(28.) Wksn li^ pasee through a drop d* water or apiece 

ti gigm, it obviously- suffirs some chai^ in its direction, be- 

cauee it does not illaminate a piece of paper placed behind 

these bodies in the rame nuumer as it did berore they were 

placed in its way. These bodies have therefere exercieed 

some acticm, or produced amne change upon the light, during 

its progress through them. 

Ui (raer to discover the nature of this change, let A B C D 

fig-i''- be an empty vessel, having a bole 

j^ Hin one of its sides BB, and let a 

I lighted candle S be placaj within a 

> few feet of it, so that a ray of its 

t light S H may &11 uponthe bottom 

\ C D of the vessel, and fbnn a round 

b spot j»f liriit at a. The beam of 

light 8 H R a will be a strai^ 

line. Having marked the point a which the n.f- fnxa S 

strikes, pour water into the vessel till it rises to the level E F> 

Ab Boon as the sur&ce of the water has bec«ne smooth, it will 

be seen that the round spot which was formerly at a is now 

at A, and that the ray S HR& is bent at R; HRand R& 

being two straight lines meeting at R, a point in the sur&co 

of the water. Hence it follows, that all objects seen under 

water are not seen in thek true directioo by a person whose 

eye is not immersed in the water. If a fish, for eicample, ii 

luring at h,fig. 17., it will be seen by an eye at 8 m the direc< 

tun S a, the direction of the re&acted ray R S ; bo that, in 

• For Ibe fbmwIioD of inufo IV miiton, hi (.luUw Collafa •dlUon) Um 
Appwdil of Am. ad. clup. Ij. 
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order to shootit with « ball, we must direct the gun to a 
point nearer us than the point a. For the same reason, every 
point of an object under water appears in a place di^rent 
from its true place ; and the difference between the real and 
apparent place of any point of an object increases with its 
depth beneath the sumce, and with the obliquity of the rav 
R S by which it is seen. A straij?ht stick, one half of which 
is immersed in water, will theremre appear ^crooked or bent 
into an angle at the point where it enters the water. A 
straight rod S R a, for example, will E^ipeaj; bent like S R & ; 
and a rod bent will, for a like reason, appear straight This 
e^^t must have been often observed in the caSe of an oar 
dipping into transparent water. 

U in place of wajter we use alcohol, oil, or glass, the 8ur« 
&ces of all these bodies coinciding with the line £F, we shall 
find that they all have the power of bending the ray of light 
B R at the point R ; the alcohol bending it more than the 
water, the oil more than the alcohol, and me glass more than 
the oiL In the case of glass, the ray would he bent into the 
direction R c. The power which thus bends or changes the 
direction of a ray of li^t is called rtfractiotu — a name de- 
rived from a Latm wo^, signifying breaking back, — ^because 
the ray S R a is broken at K, and the water is said to refract, 
or break the ray, at R Hence we may conclude that if a 
ray of light, passing through air, &l]s in an oblique or slanting 
direction on the surface of solid or fluid bodies that are trans- 
parent, it will be refracted towards a line, M N, perpendicular 
to the sur&ce E F at the point R, where the ray enters it ; 
and that the quantity of this refraction, or the angle a R 6, 
varies with the nature of the body. The power by which 
bodies produce this effect is called their refractive power, and 
bodies that produce it in different degrees are said to have 
difierent refitu^tive powera 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be evented on the bottom of it at 
a. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
throud^ the hole H. If water be now poured into the vessel 
up to JB F, the observer will no longer see the sixpence ; but 
if another sixpence is placed at a, and is moved towards h, it 
will become visible when it reaches h. Now, as the ray from 
the sixpence at h reaches the eye, it must come out of the 
water at a point, R, in the surface, found by drawing a straight 
line, SHR, through the eye and the hole H; and conse- 
quently h R must' he the direction of the ray, which makea 
me sixpence visible, before its refraction at R. But if thii 
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ray had moved onwards in a straight line, without being re< 
fracted at R, its path would have l^en b h ; whereas, in con- 
sequence of the refraction, its path is R H. llence it follows, 
that when a ray of light, passing through any dense medium, 
such as water, &c., in a direction oblique or slanting to its 
surface, quits the medium at any point, and enters a rarer 
medium, such as air, it is refracted from the line perpendicu- 
lar to the surface at the point where it quits it 

When the ray S H R from the candle falls, or is incident 
upon the surface E F of the water, and is refracted in the di- 
rection R b, towards the perpendicular M N, the angle M R H 
which it makes with the perpendicular, is called the angle of 
incidence ; and the angle N R 6, which the ray R b bent or 
refracted at R makes with the same perpendicular, is called 
the angle of refraction. The ray H K is called the incident 
ray, and R b the refracted ray. But when the light comes 
out of the water from the sixpence at &, and is refracted at R 
in the direction R H, 6 R is the incident ray and R H the 
refracted ray. The angle N R 6 is the angle of incidence, 
and M R H the angle of refraction. 

Hence it follows, that when light passes* out of a rarer into 
a denser medium, as from air to water, the angle of incidence 
is greater than the angle of refraction; and when light 
passes out of a denser into a rarer medium, as otU of water inio 
air, tJie angle of incidence is less than the angle of refrac" 
tion: and these angles are so related to one another, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray becomes 
the refracted ray. 
(29.). In order to discover the law, or rule, according to 
Fig. 18. which the rays of light enter or quit 

water, or other refracting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of the incident ray, describe a 
circle M N upon a square board 
A B C D, fg. 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, E F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tube, H R, be so made that it 
may be attached to the board along 
any radius H R, H' R, or, wlmt would 
^ be still better, that it may move 

freely round R as a centre. Let the board with its pedestal be 
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placed in a pool or tub of water, or in a glass vessel of water, so 
that the sur&ce of the water may coincide with the line £ F 
without touching the end R of the tube H R. When the tube 
is in the position M R, perpendicular to the surface E F of th^ 
water, admit a ray of light down the tube, and it will be seelh 
tiiat it enters the water at R, and passes straight on to N, 
without suffering any change in its direction. Hence it fol- 
lows, that a Toy of light incident perpendicularly on a re* 
fracting surface experiences no refraction or change in its 
direction. If we now place a sixpence at N, we shall see 
it through the tube M R ; so that the^ rays from the sixpence 
quit the water at R, and proceed in the same straight line 
N R M. Hence a ray of light quitting a refracting surface 
perpendicularly undergoes no refraction or change of direc* 
tion. If we now bring the tube into the position H R, and 
make a ray of light pass along it, the ray will be refracted at 
R in some direction R 6, the angle of refraction N R 6 being 
less than the angle of incidence M RH. If we now with a 
pair of compasses, take the shortest distance 6 n of the point 
b from the perpendicular M N, and make a scale of e<)ual 
parts, of which 6 n is one ^rt, the scale being divided mto 
tenths and hundredths, and if we set the distance H m upon 
this scale, we shall find it to be 1'336 of these parts, or H 
nearly. If this experiment is repeated at any other position, 
H'R, of the tube where R^ is the refracted ray, we shall 
find that on a new scale, in which b' n* is one part, H' ml will 
also be 1*386 parts. But the lines H m, H' m' are called the 
sinjes of the angles of incidence H R M, H' R M, and b n^ 
If vl the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the sur&ce 
E F of the water. This truth is called by optical writers the 
constant ratio of tke sines. By placing a sixpence at 6, we 
shall find that it will be seen through me tube when it has 
the position H R; and placing it at 6', it will be seen through 
it in the position H' R. Hence, when light quits the sur&ce 
of water, the sine of its angle of incidence 6 R N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines & n, H m ; and since these 
are also the measures of b' n' H' m' upon another scale, in 
which b' n' is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we make the same experiment with other l)odies, we 
shall obtain different degrees of re&action at the same angles; 

C2 
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but in ever^ case the sines of the angles of incidence and 
refraction will be found to have a constant ratio to each other. 

The number 1*336, which expresses this ratio far watery is 
called the index of refraction for water, and sometimes its 
fwfiractive power, 

(30.) As philosophers have determined the index of refrac- 
tion fi>r a great variety of bodies, we are able, from those de- 
terminations, to ascertain the direction of any ray when re- 
fracted at any angle of incidence fix)m the sur&ce of a given 
body, either m entering or quitting it Thus, in the case of 
water, let it be required to find the direction of a ray, H B^fiff* 
18., after it is refracted at the surface E F of water : draw R M 
perpendicular to E F at the point R, where the ray H R enters 
the water, and firom H ^raw H m perpendicular to M R. 
Take H m in the compasses, and make a scale in which this 
distance occupies 1*336 parts, or 1| nearly. Then, taking I 
on the same scale, place one foot of the compasses in the 
quadrant N F, and move that foot towards or from N till the 
other foot falls upon some one point n in the perpendicular 
R N, and in no otner point of it. Let b be the point on which 
the first foot of the compasses is placed when the second falls 
upon n, then the line R b passing through this point will be 
the refracted ray corresponding to the incident ray H R. 

(31.) Table I. (Appendix) contains the index of refcaction 
for some of the substances most interestmg in optics. 

(32.) As the bodies contained in these tables have all dif* 
ferent densities, the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particles. The small refractive index of hydrogen, 
for example, arises from its particles being at so great a distance 
from one another ; and, if we take its specific gravity into 
account, we shall find that, instead of having a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which difivrent media exert is of the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of renraction above unity, 
<Uvided by the specific gravity of the body. 

In this way Table IL (Appendix) has been calculated. 

Mr. Herschel has jusUy remarked, that if| according to tho 
doctrines of modem chemistry, material bodies consist of a 
finite number of atoms, difiermg in th^ir actual weight for 
every difierently compounded substance, the intrinsic refirlic- 
tive power of the atoms of any given medium will be the 
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product arisiBg from multiplviog the number fi>r the medium, 
m Table 11. by the weij?ht of its atom. 

(3d.) In examining Table II., it i^pears that the substances 
which contain fluoric acid have the least absolute refractive 
power, while all inflammable bodies have the greatest The 
high absolute refractive power of oH of cassia, which is placed 
alwve all other fluids, and even above diamondf indicates the 
great inflammability of its'ingredients.f 

CHAP. IV.* ^ 

REFBACrnON THROUGH PRISMS AND LENSES. 

(34). Bt means of the law of refraction explained in the 
preceding pages, we are enabled to trace a ray of light in its 
passage mrough any medium or body of any figure, or throuffh 
any number oi bodies, provided we can always.flnd the incli- 
nation of the incident ray to that small portion of the sur&ce 
where the ray either enters or quits the body. 

The bodies generally used in optical experiments, and in 
the construction of optical instruments, where the efiect is 
produced by re&action, are prisms, plane glasses^ sp1)/6re$^ 
and lenses, a section of each of which is ^own in the an* 
nexed figure. 

Fig. 19. 




1. The most common optical prism, shown at A, is a solid 
having two plane surfaces A R, A S, which are called its re- 
fracting surfaces. The fiice RS, equally inclined toAR 
and A S, is called the base of the prism. 

2. A plane glass, shown at B, is a plate of glass with two 
plane surfaces, ab, cd, parallel to each other. 

3. A spherical lens, shown at C, is a sphere, all the points 
in its surfece being equally distant from the centre O. 

4. A double convex lens, shown at D, is a solid formed by 
two convex sphericcJ surfaces, having their centres on oppo- 
site sides of tne lens. When the radii of its two sur&ces are 
equal, it is said to be equally convex; and when the radii are, 
unequal, it is said to be an unequally convex lens, 

* For the subjecU treated in this and in the preceding chapter, see (in the 
College edition) the Appendix of Am. ed; chap. iii. 
t See Note No. I. at the close of author*! Appendix. 
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5. A fiUnuHionvex lens, shown at E, is a lens having one 
of its surfaces convex and the other plane. 

6. A double concave lens, shown at F, is a solid hoanded by 
ftoo concave spherical sur&ces, and may be either equally or 
unequally concave. 

7. A planoconcave lens, represented at G, is a lens one of 
whose surfaces is concave and the other plane, 

Q, A menisctts, shown at H, is a lens one of whose surfaces 
is convex and the other concave, and in which the two sur&ces 
meet if continued. As the convexity exceeds the concavity, 
it may be regarded as a convex lens. 

9. A concavoconvex lens, shown at I, is a lens one of whose 
surfaces is concave and the other convex, and in which the 
two surfaces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. 

In all these lenses a line, M N, passing through the centres 
» of their curved sur&ces, and perpendicular to their plane sur- 
&ces, is called the axis. The figures represent only the sec- 
tions of the lenses, as if they were cut by a plane passing 
through their axis ; but the reader will understand that l^e 
convex sur&ce of a lens is like the outside of a watch-glass, 
and the concave sur&ce like the inside of a watch-glass. 

In showing the progress of light through such lenses, an^ 
in explaining their properties, we shall still use the sections 
shown in the above fi^re ; for since every section of the same 
lens passing through its axis has exactly the same form, what 
is true of the rays passing through one section must be true 
of the rays pasang through every section, and consequently 
through ue whole surface. 

(35.) Refraction of light through prisms. As prisms are 
introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing li^ht and exam- 
ming the properties of its component parts, it is necessary 
that the reader should be able to trace the progress of light 
through their two refracting surfaces. Let A BC be a prism of 

plate glass whose index of refraction 
IS 1*5(]&, and let H R be a ray of light 
falling obliquely upon its first sur&ce 
A B at the point K. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H M 6. Through R 
draw M R N perpendicular to A B, 
and H m perpendicular to M R. The 
anfifle H R M will be the angle of in- 
cidence of the ray H R, and H m its sine, which in the present 
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case is 1*500. Then having made a scale in which the dis- 
tance H m is 1*500, or 1^ parts, take 1 part or unity from the 
same scale, and having set one £x>t of the compasses on the 
circle somewhere ahout 6, move it to different points of the 
circle till the other foot strikes cmly one point n of the line 
E. N ; the point b thns found will be that through which the 
refracted ray passes, R b will be the refracted ray, and nRb 
the angle of refraction, because the sine bn(^ this angle has 
been made such that its ratio to H m, the sine of the an? le of 
incidence, is as 1 to 1*500. The ray R b thus refracted will 
go on in a straight line till it meets the second surface of the 
prism at R', where it will again suffer refractbn in the direc- 
tion R' b'. In order to determine this direction, make R' H' 
equal to R H, and, with this distance as radius, describe the 
circle H' b'. Draw R' N perpendicular to A C, and H' m' 
perpendicular to R' N, and form a scale on which H' m' shall 
be 1 part, or 1*000, and divide it«into tenths and hundredths. 
From this scale take in the compasses the index of refraction 
1*500, or 1^ of these parts ; and having set one foot some- 
where in the line R' n', move it to different parts of it till the 
other foot falls upon some part of the circle about b', taking 
care that the point b' is sucn, that when one foot of the com- 
passes is plac^ there, the other foot will touch the line R' n\ 
continued, only in one place. Join R' 6'. Then, since H' R' m' 
Is the angle of incidence on the second surface AC, and H'm' 
its sine, and since n' b', the sine of the angle b' R' n', has been 
made to have to H'm' the ratio of 1*500 to 1, b'R'n' will be 
the-angle of refraction, and R' 6' the refracted ray. 

If we suppose the original ray H R to proceed from a can- 
dle, and if we place our eye at b' behind the prism so as to 
receive the refracted ray b' R', it will appear as if it came 
in the direction D R' 6', and the candle will be seen in that di- 
rection ; the angle H £ D representing its angular change of 
direction. Or the angle ofdeviation^ as it is caJled. 

In the construction of fig. 20., the ray H R has been made 
to fall upon the prism at such an angle that the refracted ray 
R R' is equally inclined to the faces A B, A C, or is parallel to 
the base B C of the prism ; and it will be found that the angle 
of incidence on the fece of the prism, H R B is equal to Bie 
angle of emergence b' R' C. Under these circumstances we 
shall find, by making the angle H R B either greater or less 
than it is in the figure, that 3ie anffle of deviation H E D is 
less than at any other angle of incidence. If we, therefore, 
place the eye behind the prism at 6', and turn the prism 
round in the plane BAG, sometimes bringing A towards the 
eye anjd sometimes puling it from it, we shall easily discover 
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the poeition where the image of the candle seen in the direo* 
tion b' D has the least deviation. When this position is found, 
the angles it R B and 6' R' C are e(}ual, and R R' is parallel 
to B C, and perpendicular to A F, a line hisectinfi^ the refract- 
ing angle B A C of the prism. Hence it may he shown by 
the similarity of triangles, or proved bv projection, that the 
angle of refraction 6 R n at the first surmce is equal to B A F, 
haff the refracting angle of the prism. But since B A F is 
known, the angle of refraction 6 R n is also known; and the 
angle of incidence HR M being found by the preceding methods, 
we may determine the index of refraction for any pnsm by the 
following analogy. As the sine of the angle of renraction is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ; or the index of refraction is equal to the sine of. 
the angle of incidence divided by the sine of the angle of re- 
fraction. 

(36.) By this method, which is very simple in practice, we 

may readily measure the refractive powers of all bodie& If 

the body be solid, it must be shaped mto a prism ; and if it is 

ioft or fluid, it must be placed in the angle B A C of a hollo^ 

Fig^ 21. prism ABC, Jig, 21., made by cement- 

^^C ingtogether three pieces of plate glass, 

^^W\ aTB, a C, B C. a very simple hollow 

^Xi^^ B 1^ prism for this purpose may be made by 

A^ifiiiB ^ M rastening together at any angle two 

^^"^""^■■■■"^^B pieces of plate glass, A B, A C, with a 

bit of wax, F. A drop of the nuid may then be placed in the 

angle at A, where it will be retained l^ the force of capillary 

attraction. 

When light is incident upon the second sur&ce of a prion, 
it may fall so obliquely that the surfkce is incapable of refract- 
ing it, and therefore the incident light is totally reflected from 
the second surface. As this is a curious property of light, we 
must explain it at some length. 

On the total Reflexion of Light. 

(37.) We have already stated, that when light falls upon 
the firet or second surfaces of. transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The light is in this cttse said to 1^ partially re- 
fleeted. When the light, however, falls very obliquely upon 
the second surface of a transparent body, it is wholly reflected, 
and not a single ray sufiers refraction, or is transmitted by the 
8urfax;e. Let A B C be a prism of gl*ss, whose index of re- 
fraction is 1*500 : let a ray of light Q K,flg. 22., be refracted 
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atEby thefir8t8cirfiiceAB,9ci> 
■^^ as to mil on the point R of the 

second sur&ce v^y obliquely^ 
and in the direction K R. Upon 
R as a centre, and with any rar 
dins, R H, describe the circle H 
M £ N F; then, in order to find 
the refracted ray correspondmff 
to H R, make a scale on which 
H m is equal to 1, and take in 
the compasses 1*500 or 1^ from that scale, and setting one 
foot in the quadrant E N, try to find some point in it, so that 
the other foot may fall only in one point oi the radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than E R, the sine of an aiigle £ R N of 90^. If 
the distance 1*500 in the compasses had been less than £ R, 
the ray would have been refracted at R ; but as there is no 
angle of refiraction whose sine is 1*500, the ray does not 
emer^ from the prism, but suflfers total reflexion at R in the 
direction R S, so that the angle of reflexion M R S is equal to 
the angle of incidence M R H. If we construct ^^. 22. so an 
to make the incident ray H R take diflerent positions between 
M R and F R, we shall find that the refracted ray will take 
different positions between R N and R £. There will be 
some position of the incident ray about H R, where the re- 
fi'acted ray will just coincide with R E ; and that will happen 
when the quantity 1*500, taken from the scale on which H m 
is equal to 1, is exacdy equal to R E, or radius. At all po8^• 
tions of the incident rav between this line and F R, refinction 
will be impossible, aim the ray incident at R will be totally 
reflected. It wUl also be found that the sine of the angle of 
incidence at R, at which the light begins to be totally reflect- 
ed, is equal to T.Jinr' ^^ "^^ ^' f' which is the sine of 41^ 48', 
the angle of total reflexion fox plate glass. 

The passage finom partial to total reflexion may be finely 
leen, by exposing one side, A C, of a prism A B C,^. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
the other side, A B, cf the priei^, and IooIls at the image of 
the sky, or the paper, as reflected from the base, B C, of the 

{>rism, it will see when the angle of ^cidence upon BC is 
ess than 41° 48', the fiiint light produced by partial reflexi<m ; 
but by turning the prism round, so sb to render the incidence 
eradually more obli<}ue« it wfll see the fiiint light pass sud- 
denly into a bright light, and aepa^ted fi»m the fitint light by 
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a colored fringe, which marks the boundary of the two reflex 
ions at an angl^ of 41° 48'. But, at all angles of incidence 
above this, the light will suffer total reflexion. 



Refraction qf Light through Plane Glasses, 
(88.) Let M Nfjig' 23., be the section of a plane glass with 



jR/.sa. 




peunllel faces ; and let a ray of light, 
A B, fall upon the first sumce at B, 
and be refhicted into the direction 
B C : it will again be refracted at its 
emergence from the second sur&ce 
at C, in a direction, C D, parallel to 
A B; and to an eye at D it will ap- 
pear to have proceeded in a direction 
a C, which will be found by continu- 
ing D C backwards. It will thus appear to come from a point 
a below A, tibe point from which it was really emitted. This 
may be proved by projectmg the figure by the method already 
described ; though it will be obvious also from the considera- 
tion, that if we suppose the refracted ray to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, falling at equal 
angles upon the two surfaces of the plane glass, will suffer 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and consequently the angles which the re- 
dacted rays B A, C D form with the two refracting surfiices 
^1 be equal, and the rays parallel. 

If we suppose another ra^. A' R, parallel to A B, to fall 
upon the point B', it will sufl^r the same refraction at B' and 
C, and will emerge in the direction C D', parallel to C B, as 
if it came from a point a\ Hence paraUel raysfriRing upon 
a plane glass totU retain their paraUelism after passing 
through iL 
(39). If rays diverging from any point. A, Jig, 24., such as 
•^•34. AB, AB', are incident upon a 

plane glass, M N, they will be 
refracted into the directions B C, 
B'C by the first surface, and 
C D, C D' by the second. By 
continuing C B, C B' backwards, 
they will he found to meet at a, 
a point farther from the glass 
thui A. ' Hence, if we suppose 
file forfiice BF to be that of standing water, placed boruon- 
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tally, an eye witiiin it would see the point A removed to a, 
the divergency of the rays B C, B' C having heen diminished 
by refraction at the suiirace B B'. But when the rays B C, 
B' C sufier a second refraction, as in the case of a plane glass, 
we shall find, by continuing' D C, D' C backwards, that they 
will meet at 6, and the object at A will seem to be brought 
nearer to the glass; the rays C D, C D', by which it is seen, 
having been rendered more divergent by the two refiraction& 
A plane glass, therefore, diminishes the distance of the diver- 
gent point of diverging ray& 

If we suppose D C, D' C to be rays conver|fing to 6, they 
will be made to ccaiverge to A by the refraction of the two 
surfaces; aiid consequently a plane glass causes to recede 
from it the conve^nt point of converging rajrs. 

If the two surfaces B B', C C are equaUy curved, the one 
being ccmvez and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave i^des are so re- 
lated that the rays B A, C D are incident at equal angles on 
each Buifajce: but this is not the case when the sur&ces have 
the same centre, unless when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sur- 
&ce8 are used in windows and for watch-glasses, as they pro- 
duce very little change upon the fonn and position of objects 
see^ through them. 



Refraction of Light through Curved Surfaces. 

(40). When we consider the inconceivable minutenees of 
the particles of light, and that a single ray ccmsists of a suc- 
cession of those particles, it is obvious that the small part of 
any curved surface on which it falls, and which is concerned 
in refracting it, may be regarded as a plane. The surfiice of 
a lake, perfectly still, is known to be a curved surface of the 
same radius as that of the earth, or about 4000 miles ; but a 
square yard of it, in which it is impossible ta discover any 
curvature, is larger in proportion to the radius o^ the earth 
than the small space on the surface of a lens occupied by a ray 
of light is in relation to the radius of that suiface. Now, 
matiiematicians have demonstrated that a line touching a curve 
at any point may be safely regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
AB,j%.25., mils upon a curved refracting sur&ce at B» its 

D 
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J|r*8S. angle of incidence tmrt be considered 

as A B D, the an^le which the ray 
A B fonns with a line B C, perpendic- 
ular to a line M N, which touches, or 
is a tangent to, the curved surface at 
B. In all i^herical sur&ces, such as 
those of lenses, the tangent M N is 
perpendicular to the radius C B of the 
surfiice. Hence, in spherical surfaces 
the consideration of the tangent M N is unnecessary; because 
the radius C D, drawn through the point of incidence B, is 
the perpendicular from which the angle of incidence is to be 
reckcmed. 

Refraction of Light through Spheres, 

(41.) Let M N be the section of a sphere of jQplass whose 
centre is C, and whose index of refraction is 1'5S0 ; and let 
parallel rays, }fig, 26., H R, H' R', &11 upon it at equal di»- 




tances on each side of the axis G C F. If the ray H R is in- 
cMent at R, describe the circle H D 6 round R ; through C and 
R draw the line CRD, which will be perpendicular to the 
8ur&ce at R, and draw H m perpendicular to R D. Draw the 
ray Rbr through a point b found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
6 R C may be 1 on the same scale on which H m is 1*500, or 
1^ ; then R b will be the ray as refracted by the first sur&ce 
of the sphere. In like maimer draw R' r' for the refracted 
ray correq)onding to H' R'. 

If we continue the rays R r, R' r', they will meet the axis 
at E, which will be the focus of parallel rays for a single con- 
vex sur&ce RPR'; and the focal distance P £ may be found 
by the following rule. 

Rule for finding the principal focus of a single convex 
surface. Divide the index of refraction by its excess above 
unity, and the quotient will be the principal focal distance, 
P E; the radius of the surface, or C R, being 1. If C R is 



CHAP. IV. CUBVED BEFRACTINO 817BVACE8. 99* 

given in inches^ then we have to multiply the resalt by that 
number of inchea When the sorface is tluit of glass, of whidi 
the index of refraction is 1*5, then the focal distance, P £, will 
always be equal to thrice the radius, C R. 

Round r as a centre, with a radius equal to R H, describe 
the circle D' b' h, and, by the method formerly explained, find 
a point b' in the circle, such that b' n\ the ane of the an^le 
of refracticm 6'r «S is 1*500 or 1^ on the same scale cm which 
Am', the sine of the angle of incidence, is 1 part, and rb'-IP 
will be the ray refracted at the second surfiM^e. Li the same 
manner we studl find r' F to be the refiracted ray correspond- 
ing to the incident ray R' r', F being the point where r b' cuts 
the axis G E. Hence the point F will be XhefocuB of fordU 
lei rays for the sphere of glass M N. 

If divergir^ rays &11 upon the points R, R', it is quite 
clear, from the inspection of the figure, that their focus will 
be on some point of the axis G F more remote from the sphere 
than F, the distance of their focus increasing as the radiant 
point from which they diverge approaches to the sphere. 
When the radiant point is as &r beK)re the sphere as F is be- 
hind it, then the ntjrs will be refi*acted into parallel directions^ 
and the focus will be infinitely distant Thus, if we suppose 
the rays F r, F r' to diverge ftom F, then they will emerge 
afler refiraction in the parallel directions R H, R' H'. 

If converging rays fall upon the points R R\ it is equally 
"^manifest that meir focus will be at some point of the axis, 
G F, nearer the sphere than its principal focus F ; and their 
convergency may be so great that their focus will fall within 
the sphere. All these truths may be rendered more obvious, 
and would be more deeply impressed upon the mind, by tracing 
rays of different degrees of divergency and convergency 
through the sphere, by the methods idready so fully explained. 

(42.) In cfkiet to form an idea of the effect of a sphere 
made of substances of different refractive powers, in bringing 
parallel rays to a focus, let us suppose the sphere to have a 
radius of one inch, and let the focus F be determined as in^^. 
26., when the subistances are. 
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Hence we find that in tabasheer the distance F Q is 4 inches; 
in water, 1 inch ; in glass, half an inch ; and in zircon, nothing; 
that ifi^ r and F coincide with Q, after a single refiraction atK. , 
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When the index of refraction is greater than 2*000, as in 
diamond and several other substances, the ray of light R r 
will cross the axis at a point somewhere between C and Q. 
Under certain circumstances the ray R r will suffer total re- 
flexion at r, towards another part of the sphere, where it will 
again suffer total reflexion, being carried round the circum- 
ference of the sphere, without the power of making its escape, 
till the ray is lost by absorption. Now, as this is true of every 
possible section of the sphere, every such Tay, Rr, incident 
upon it in a circle* equidistant from the axis, 6 F, will suffer 
similar reflexions. 

RuLB for finding the focus F of a sphere. The distance 
of the focus, F, from the centre, C, of any sphere may be thus 
found. 'Divide the index of refraction by twice its excess 
above 1, and the quotient is the distance, C F, in radii of the 
sphere. If the radius of the sphere is 1 inch, and its refrac- 
tive power 1*500, we shall have C F equal to 1^ inches, and 
Q F equal to half an inch. 

Refraclwn qflAght through Convex and Concave Surfaces, 

(43.) The method of tracing the progress of a ray which 
enters a convex surface, is shown in j{^.26. for the ray H R, 
and of tracm^ one entering a concave sur&ce of a rare me- 
dium, or quittmg a convex surfece of a dense one, is shown 
for the ray R r, in the same figure. 

When the ray enters the concave surface of a dense me- 
dium, or quits a similar surface, and enters the convex surface 
of a rare medium, the method of tracing its progress is shown 
in fig. 27., where M N is a dense medium (suppose glass) 
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with two concave sur&ces, or a thick concave len& Let C, C 
be the centres of the two surfaces lying in the axis C C, and 
H R, H' R' parallel rays incident on the first sur&ce. As C R 
is perpendicular to the sur&ce at R, H R C will be the ansle 
of incidence; and if a circle is described with a radius 
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"Rhyhm will be the sine of that angle. From a scale cm 
which ^ m is 1*500, take in the compasses 1, and find some 
point, 6, in the circle where, when one foot of the compasses 
IS placed, the other will &11 only on one point, n, of the per- 
pendicular C R: the line R b drawn through this point will 
be the refi-acted ray. By continuing this ray & R backwards, 
it will be found that it meets the axis at F. In like manner 
it will be seen that the ray H' R' will be refracted in the di- 
rection R' r*, as if it also diverged from F. Hence F will be 
the virtual focus of parallel rays refracted by a single concave 
surface, and may be found by the following rule. 

RuLB for finding' the princijml focus of a single concave 
surface. Divide me index of refraction b^ its excess above 
unity, and the quotient will be the principal fo6al. distance 
F E^ the radius of the sur&ce, or C E, being 1. If the radius 
C E is given in inches, we have only to multiply E F, thus 
obtained by that number of inches, to have the value of F E 
in inches. 

If, by a similar method, we find the refracted ray r dnt the 
emergence of the ray r b from the second surface r r' of the 
lens, and continue it backwards, it will be found to meet the 
axis at /; so that the divergent rays R r, R' r* are rendered 
still more divergent bv the second sur&ce, and /will be the 
focus cf the lens M N. 

Refraction of lAght through Convex Lenses. 

(44). Parallel rays, Rays of light fiilling upon a convex 
lens parallel to its axis are refracted in precisely the same 
manner as those which fell upon a sphere ; and the refracted 
ray may be found by the very same methods. But as a sphere 
has an axis in every possible direction, every incident ray 
must be parallel to an axis of it; whereas, in a lens which 
has only one axis, many of the incident rays must be oblique 
to that axis. In every case, whether of spheres or lenses, all 
the rays that pass along the axis suffer no refraction, because 
the axis is always perpendicular to the refracting surfiice. 

When parallel rays, R L, R C, R L, ^^. 28., fall upon a 
double convex lens, L.L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass throi^ without su^ 
fering any refmction, but the other rays, R L, R L, wiU be 
refracted at each of the surfaces of the lens ; and the refract- 
ed rays corresponding to them, viz. L F, L F, will be found* 
by tiie method already given, to meet at some point, F, in the 
•jds. 

When the rays are oblique to the axis, as S L| S L| T L| 

P2 
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T L,^e rays S C, T C, which pass through the centre, C, of 
the lens, will suffer refraction at each sur£c6 ; hut as the two 
refractions are equal, and in opposite directions, the finally re- 
fracted rays C/, C/' will be parallel to S C, T C. Hence, in 
considering oblique rays, such as S L, T L, we may regard 
lines Sy; T/' passing through the centre, C, of the lens as the 
directions of the refracted rays corresponding to S C, T C. By 
the methods already explained, it will be found that S L, S L wiU 
be refracted to a common point, y| in the direction of the cen- 
tral ray S/ and T L, T L, to the point/'. The focal distance 
P C, or /"C, may be found numerically by the following rule, 
when the thickness of the lens is so small that it may be 
fleeiected. 

RvhB for finding' the principal focus^ or the focus ofparciXr 
lei rays, for a glass lens unequally convex. Multiply the 
radius of the one surface by the radius of the other, and divide 
twice this product by the sum of the same radiL 

When the lens is of glass and equally convex, the focal dis- 
tance will be equal to the radius. 

Rule for the principal focus of a plano-convex lens of 
glass. With eithec side of the lend turned to parallel rays, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius of the convex surface. 

(45.) Diver^ng rays. When div«rgin|f rays, R L, R L| 
fig. 29., radiatmg from the point R, fall ttpon the double con* 
vex lens L L,'whose principal focus js at O and O', their foous 
will be at some point F more remote than O. If R approacheR 
to L L, the focus F will recede from L L. When R comes 
to P, so that P C is equal to twice the principal focal distance 
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C O, the focus F will be at P' as &r behind the lens as the 
radiant point P is before it When R comes to O', the focus 
F will be infinitely distant, or the rays L F, L F will be par- 
allel ; and when K is between O' and C, the refracted rays 
will diverge and have a virtual focus before the lens. The 
focus F of a glass lens, when the thickness is small, will be 
found hy the following rule. 

BjjImE for finding the focus of a convex lens for diverging 
rays. Multiply twice the product of the radii of the ^wo sur- 
faces of the lens by the distance, R C, of the radiant point, 
for a dividend. Multiphr the sum of the two radii by the 
same distance R C, and from this product subtract twice the' 
product of the radii, for a divisor. Divide the above dividend 
by the divisor, and the quotient will be the focal distance, C F, 
required. 

if the lens is equally convex, the rule will be thia Multi- 
ply the distance of the radiant point, or R C, by the radius of 
the surfaces, and divide that product by the difference between 
the same distance and. the radius, and the quotient will be the 
focal length, C F, required. 

When the lens is planoconvex, divide twice the product of 
the distance of the radiant, point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus from the centre 
of the lens. 

(46.) For converging rays. When rays, R L, R L, con- 
verging to a point f fig. 30., fall upon a convex lens L L, they 

Fig. 30* 
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will be so refracted as to converge to a point or focus F nearer 
the lens than its principal focus O. As the point of con- 
vergence/recedes from the lens, the point F will also recede 
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from it towards O, which it just reaches when the point/ be* 
comes infinitely distant When / approaches the lens, i^ 
also approaches it The focus F of a jflass lens may be 
found when the thickneas is small, by the rollowing rule : — 

RvhR for finding thefoctis of converging rays. Multiply 
twice the product of the radii of the two sun&ces of the lens 
by the distance /C of the pomt of ccmvergence, for a divi- 
dend. Multiply the sum of the two radii by the same dis- 
tance yC, and to this product add twice the product of the 
radii, for a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C P require^. 

If the lens is equally convex^ multiply the distance /C by 
the radius of the surface, and divide that product by the sum 
of the same distance and the radius, and the quotient will be 
the focal length F C required* 

When the lens is plano-convex^ divide twice the product 
of the distance /C multiplied by the radius by the sum of 
that distance andtwice the radius, and the quotient will le 
the focal distance F C required. 

Reaction of LigJu through Concave Lenses. 
(47.) Parallel rays. Let L L be a double concave lens, ani 
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R L, R L parallel ra3rs incident upon it ; these rays will di- 
verge after refraction in the directions L r, L r, as if they 
radiated from a point F, which is the virtual fi)cus of the lena 
The rule for finding F^C is ^le same as for a convex lena 
(48.) Diverging rayi. When the lens L L receives the 
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rays R L, R L diverging from R, they will be refiracted into 
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lines, L r, L r, diverging from a focus F, more remote from 
the lens than the principal focus O, and the focal distance, 
F C, will be found by the following rule : — 

Rule fyr finding the focus of a concave lens of glass, for 
diver^ng rays. Multiply twice the product of the radii bv 
the distance, RC, of the radiant point for a dividend. Mul- 
tiply the sum of the radii by the distance R C, and add to this 
twice the product of the radii, for a divisor. Divide the divi- 
dend by the divisor, and the quotient will be the focal distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point bj the radius, and divide 
the product by the sum of the same distance and the radios, 
and the quotient will be the focal distance. 

When the lens is plano-concave, multiply twice the radius 
by the distance of the radiant point, and divide this product 
by the sum of the same distance and twice the radius; the 
quotient will be the focal distance. 

(49). Converging rays. Wh^ rays, R L, R L, fig. 33.9 

Fig.Z3. 
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converging to a pomt f fall upon a concave lens, L L, they 
will be remicted so as to have* their virtual focus at P, and the 
distance F C will be found by the rule given for convex lenses. 
The rule for finding the focus of converging rays is exactly 
the same as that for diverging rays in a £>uble convex lens. 

When the lens is ^plano-concave, the rule for finding the 
focus of converging lays is the same as for diverging rays on 
a plano-convex lens. 

Refractiofi of lAght through MenisCuses and Concavo-^son- 

vex Lenses *of Glass. 

(50.) The general efiect of a meniscus in refracting paral- 
lel, diverging, and converging rays, is the same as that of a 
convex lens of the same focal length ; and the general effect 
of a concavo^onvex lens is the same as that of a concave lens 
of the same focal length. 

Rule ybr a meniscus with parallel rays. • Divide twice the 
product of the two radii by their difference, and the quotient 
will be the focal distance required. 
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Rv^yr>r a meniscus wUh diverging rays. Multiply twice 
iiie distance of the radiant point by the product of the t^ 
radii for a dividend. Multiply the difference between the two 
radii by the same distance or tlie- radiant .point, an^ from this 
product take twice the product of the radii for a divisor. Divide 
the above dividend by this divisor, and t&^quotient will be the 
focal distance required. 

The truth of the preceding rules and observations is ca- 
pable of being demonstrated mathesiatically ; but the reader 
who has not studied mathematics may obtain an ocular deition- 
stratbn of them, by projecting the rays and lenses in large 
tfliagrams, and determining the course of the rays aflex refrac- 
tion by the methods already described. We would recommend 
' to him also to submit the rules and observations to the test of 
direct experiment with the lenses themselves. 



CHAP. V. 

ON THE FORMATION OF IMAGES BY LENSES, AND ON THEIE 

MAONltTINa POWER.'*' 

^51.) We haj% already described, in Chapter II., the prin- 
cifue of the formation of images by small' apertures, and by 
the convergency of rays to foci by r^^on from mirrors. 
Images are formed, by refraction, bjr lenses in the very same 
manner as they are formed, by reflexicm, in mirrors ; and it is 
a universal rule, that when an image is formed by a convex 
lens, it is inverted in position relatively to the position of the 
object, and its magnitude is to that of the object as its distance 
firom the lens is to the distance of the object Scam the lens. 

If M N is an object placed before a convex lens, L L,^^. 
84, every point or it will send forth rays in every direction. 
Those rays which Ml upon the lens L L will be refracted to 
foci behind the lens, and at such distances firom it as ma^ be 
determined by the Rules in the last chapter. Since the focus 
where any point of the object is represented in its imaf e is in 
the straight line drawn from tkat point of the object Uurough 
the middle point C of the lens, the upper end M of the object 
will^be represented somewhere in the line M C m, and the 
lower end N somewhere in the line N C n, that is, at the 

See, in the College edition. Appendix of Am. ed. chap. Uh 
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points 911, tij where the rays Lni) Loi, hn, L n crons the linas 
M C », N C It. Hence m will represent the upper, and n the 
lower end of Uie object MI^. It is deo evident, that in the 







two triangles M C N, m C 7f, m n, the length of the image 
must be to M N the length of the object a.s C m, the distance 
of the image, is to M, the distance of the object from the 
lens. ' 

We are enabled, therefore, by a lens, to form an image of 
an object at any distance behind the lens we please, greater 
than Its principal ^us, and to make this image as large as 
we please, and in a^y proportion to the object In order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object from 
the lens ; and these eiects we can vary still farther, b^^ using 
lenses of different focal lengths or distances. 

When the lenses have the same focus, we may increase the 
brightness of the image by increasing the size of the lens or 
the area of its sur&ce. If a lens has an area of 12 square 
inches, it will obviously intercept twice as many rays proceed- 
ing from every point of the object as if its area were only 6 
square inches ; so thai, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the brightness of the image by using a larger 
lens. 

(g2.) Hitherto we have supposed the image m n to be i^ 
ceived upon white paper, or stucco, or some smooth and white 
surface on whic^ a picture of it is distinctly formed ; but if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of gl?iss one of whose sides is covered with a dried 
film of lammed milk, and if we place our eye 6 or 8 inchep 
or more behin^ this semi-transparent ground interposed at m n, 
we shall sfee the inverted image m n as distinctly as before. 
U we keep the eye in this '^ition, and remove the semir 
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transparent {froond, we shall gee an image in the air distinctly 
and more bright than before. The cause of this will be readily 
understood, if we consider that all the rays which form by 
their convergence the points m, n of the image m n, cross one 
another at m, n, and divergre from these points exactly in the 
same manner as they would do from a real object of the same 
size and brightness placed in m n. The unage tn n therefore 
of any object may be regarded as a new object; and by 
placing another lens behind it, another image of the image 
m n would be formed, exactly of tlie same size and in the 
same place. as it would have been had m n been a real object 
But since the new image of m n must be inverted, this new 
image wil] now be an erect image of the object M N, obtained 
by me aid of two lenses ; so that, by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a moyi^le one, and within our 
reach, it is unnecessary to u^ two lenses to obtain an erect 
image of it: we have only to turn it upside down, and we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(p3.) In order to explain the power of lenses in magnifying 
objects and bringing them near us, or rather in giving mag- 
nified images of objects, and bringing the images near us, 
we must examine the different circumstances under which 
the same object appeals when placed at different distances 
from the eye. If an eye placed at E looks at a man a 6, Jig. 
d5., placed at a distance, his general outline only will be seen, 

Fig.39t 



and neither his age, nor his features, nor his dress will be re- 
cognized. When he is brought gradually nearer to us, we dis- 
cover the separate parts of his dress, till at the distance of k 
few feet we perceive his features; and when brought still 
nearer, we can count his very eye-lashes, and observe the 
minutest lines upon his skin. At the distance £ 6 the man 
is seen under the angle ft E a, and at the distance E B he is 
seen under the greater angle B E A or ft E A', and his appo" 
rent magnitudes, a ft. A' ft, are measured in those different 
positions by the angles ft E a, B E A, or ft E A'. The appa- 
rent magnitude of the smallest object may, therefore, be equal 
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to the apparent magnitude €i the greatest The head of < 
piB, fin* example, may be brou^t ip near the eye that it wil^- 
appear to cover a whole mountain, or even the whole viable 
aurfiice of the earth, and in this case the apparent magnitude 
of tiie pin's head is said to be equal to the aj^Muent magnitude 
of the mountain, &c. 

Let us now suppose the man a 6 to be placed at the dis- 
tance of lOC^^t nom the e^e at £, and that we place a con- 
vex glass of 25 feet focal distance, half>way* between the ob- 
ject a b and the eye, that is 50 feet fixxn each ; then, as we 
nave previously shown, an invecM image ci the man will be 
ibnned 50 feet behind the lens, and of the very same size as 
the object, that is, six feet high. If this object is looked at 
fay the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man had been 
brou^t nearer fix>m the dii^ance of 100 feet to tte^distance . 
of 6 mches, at which we can examine minutely the details 
of his personal appearance. Now, is this case, the man, 
tiiough not actually magnified, has been apparently magni- 
fied, because his apparent magnitude is ffr^Uiy increased. In 
the proportion nearlv of 6 inches to lOQ ^t, or of 200 {o 1. 

But i^ instead of a lens of 25 feet fixal length, we make 
use of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate focj may be 
at the distance of 20 and 80 feet from the lens, that is, that 
the man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
inmge will see it with the greatest distinctness. Now in 
this case the image is magnified 4 times directly by the lens, 
and 200 times 1^ being brought 200 times nearer the eye ; 
80 that its apparent magnitude will be 800 times as large as 
before. ^ 

If, on the o^r hand, we use a lens of a still smaller focal 
length, and place it in such a position between the eye and 
tiie man, that its conjugate foci may be at the distance of 75 
and 25 feet from the lens, that is, that the man is 75 feet l)e- 
fore the lens, and his image 25 feet behind it, then the size of 
the image vnll be only one third of the size of the object^ 
but though the image is thus diminished three times in- size, 
yet its appereBt ibagnitode is increased 200 times by bein^ 
brought within 6 inches of the eye, so that it is still magm- 
fied, c^ its apparent magnitude is increased ^$*, or 67 times^ 
nearly. 

At distances less than the preceding, where the fix^ 
length of the lens finrms a considerable purt of the whole dis* 

£ 
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tance^ the rule fat finding the magni^ing power of ft lene^ 
when liie eye views, at iSe distance of 6 inches^ the image 
fitrmed by the lens, is as fdlows. From the distance between 
the image and the objtet in feet, sublet the focal distance 
' of the lens in feet, and divide the remainder by the same fecal 
distance. By this quotient divide twice the distance of the 
object in feet, and the new qooii^it will be the magnifying 
power, or the number oi times that the apparmit magnitude 
of the object is increased. 

When the focal length of the lens is quite inoxisiderable, 
compared with the distanoe of the object, as it is in most 
cases, the rule becomes this. Divide the fecal length oi the 
lens by the distance at which the eye looks at the ima^e ; or, 
as the eye will generally look at it at the distance ci6 mches, 
in order to see it most distinctly, divide the focal length by 6 
. inches; or, what is the same thuig, double the fecal length in 
feet, and the result will be the magnifying power. 

(54.) Here, then, we have the principle of the simplest 
telesc(^ ; which consists of a lens, whose focal l^igth ex* 
ceeds six inches, placed at <Mie end of a tube whose length 
must always be six inches greater than the fecal length of the 
lens. ' When the eye is placed at the other ^id of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to the fecal lengtii oS the lens. If the lens has a 
fecal length (^ 10 or 12 feet, the magnifying power will be 
ftom 20 to 24 times, and the sateUites (£ Jupit^ will be die- 
tinctiy seen through this single lens telescope. To a very 
shortsighted person, who sees objects distinctly at a distance 
c^ three inches, tiie magnifying power would be fiom 40 to 48. 

A single concave mirror is, upon the same principle, a re- 
fleeting teUscepe, fx it is of no consequence whether the 
image of the object is formed by refraction or reflexion. In 
this case, however, the image m n, flg. 14, cannot be lookad 
at without standing in the way of tiie object; but if the re- 
flection is made a littie obliquelv, or if the mirnnr issufficientiy 
large, so as not to intercept all the light from the dbfect, it may 
be employed as a telescope. Bv using his great mirrdT, 4 feet 
in diameter and 40 feet in fecal length, in the way now men> 
■tk>ned. Dr. Herschel discovered one of the satellites of Saturn. 

Bat there is still another wav of increasing the apparent 
magnitude of objects, particularly of those wUch are within 
our reach, which is of great importance in optica It will be 
proved, when'we come to treat of vision, that a good eye sees 
the visible outiine of an object very distinctiy when it is 
placed at a great distance, cmd tiiat, by a particular power in 
the eye» we can accommodate it to perceive objects at.diffeD> 
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ent distances. Hence, in order to obtain distinct vision of 
any object, we have only to cause the rays which pioceed 
from it to enter the eye in peiailel lines, as if the object 
itself was very distant Now, if we bring an object, or the 
nnage of an object, very near to the ejre, so as to jnve it great 
apparent magnitude, it becomes indistinct'; bat if we can, by 
any contrivance, make the rays which proceed fiom it enter 
the eye neaiiy parallel, we mil necessarily see it distinctly. 
But we have already shown that whoi rays diverfife from the 
locus of anv lens, they will emerge from it paraS^ If we, 
therefore, pkce an object, or an image of one, in the fecus of 
a lens held close to the eye, and having a small focal distance, 
the rays will enter the eye pHOirallel, and we shall see the ob- 
ject very distinctly, as it will be magnified in the proportion 
of its present ^ort distance from the eye to the distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length of the lens, so 
that the magnifying power produced by the lens will be equal 
to six inches divid^ by the fixal length of the lena A lens 
thus used to look at or magnify any object is a single micro- 
scope ; and when such a lens is used to magnify the magnifi- 
ed image produced hv another Jens, the two Ibises together 
constitute a compound microscope. 

When such a lens is used to magnify the image produced 
in the single lens telescope from a distant object, the two 
lenses together constitute what is called the astronomical re- 
fracting telescope; and when it is used to magnify the 
image jnioduced By a concave mirror from a distant cwjeot, the 
two constitute a rejecting telescope^ such as that used by Ije 
Maire and Herschel : and when it is used to magnify an en- 
larged image, MN, j^^. 14., iHX)duced from an object mn^ 
placed before a concave mirror, the two constitute a refteat' 
ing microscope. All these instruments will be mcN?e fuUy 
described in a future chapter. 

CHAP. VL 

SFHBRIOAL ABERRATION OF LENSES AND MIRRORS.'* 

(55.) In the preceding chapters we have supposed that the 
rays re&acted at spherical surfaces meet exactly in a focus; 
but this is by no means strictly true : and if the reader has in 
any one case projected the rajrs by the methods described, ha 

* For a discussion of these subjects, see (in the college edition) tb* Ap- 
p^dix of Am. ed. chap. v. 
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nrait have seen that the nys oearcst the axis of a spherical 
Murikce, or of a leoa, ore refracted to a focus more remote 
fiom the lens than those whidi are incideit at a distance from 
the axis oi the lens. The rules which we have given for the 
feci of lenses and surfiices are true for rays very near the axis. 
In order to understand the cause of sfiierical aberratioo, let 
L L be a ]dano-convex lens one of whose surfiices is spherical, 
and let its plane surface L m L be turned towards parallel 
rays RL, RL. Let R'L',R'L' be rays very near the axis 
A F of the lens, and let F be their focus after refraction. Let 
R L, R L be jMirallel rays incident at the very margin of the 
kns, and it will be found by the method of projection that the 

Fig. 36. 




correspoiidmg refracted rays hf^ L/ will meet at a point/ 
much nearer the lens than F. In like manner intermediate 
rays betweoa R L and R' L' will have their foci intermediate 
between /and F. Continue the rays L/ L/ till they meet 
at G and H a plane passing through F, and perpendicular to F A. 
The distance /F is callai the hngitudinal tphericdl aberra-' 
turn, and G H the lateral spherical aberratian of the lens. In 
a plano-convex lens placed like that in the figure, the longitu- 
dinal spherical aberration /F is no less than 4^ times m n the 
thickness of the lens. It is obvious that such a lens cannot form 
a distinct picture of any object in its focus F. If it is exposed 
to the sun, the central part of the lens UmV whose focus is 
at F, will form a pretty bright image of the sun at F ; but as , 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at pK)ints between /and F, the rays will, 
after arriving at those points, pass on to the plane G H, and 
occupy a circle whose diameter is G H ; hence 
the mia^ of the sun in the focus F will be a 
bright disc surrounded and rendered indistinct 
by a broad halo of light growing fainter and 
famter frwn F to G wid H. In like manner, 
every object seen through such a lens, and 
every image formed bv it, will be rendered 
donfused and indistinct by spherical aberration. 
These results may be illustrated experimentally by takii^ 
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a. t'mg of bUd paper, and coveiins v^ die ontniiula df Uw 
free L L cd* the leu. This will iliniiniBli die halo G H, and 
the indistinctiiaeH of the image, and if we cover ap all tb» 
lens e^^pCing a amall part in the centre, the iiaage will }» 
come perJectiy diBtinet, thoogh leaa bright than be&ie, and the 
fbcua will be at F. If, on the contrary, we cover u|>aI1 the 
central part, and le&re oa\y a sanow ring at the ciienaA- 
tence of^the lens, we afaall hare a vetj dittinct image of th* 
snn formed about^ 

(56.) If the reader will draw a very large diagram <^ a 
plano-conTeE and of a double convex lena, and determine the 
refracted rave at different distances from the axis where paiv 
altei ra/g fall on each of the surfaces of the lens, he will be 
able to verify the &llawiag results for glass leoecs. 

1. In a plano-eonvex lens, with its plane side turned to pap- . 

•Uel rajs as ia^. 36., that is, turned to distaiil objects if it ia 

imed to the eye if it is to be 

; the ephericu aberratiim will 

times m n. 

h its convex side' tamed to- 
rn is only Ij^^the of its thick- 
Ds, therefbre, it duMld always 
ther enter the convex surface 

th equal convexities, the aheiv 

avin? its radii as 3 to 5, the 
I a plalMWMnvex lens in Rnle 
turned towards parallel rays; 
K lena in Role 2, if the aide 
rallel rays. 

att spherical aberroHon is a 
re as 1 to 6. When the ftce 
rda parallel fays, the aberra* 
ess; but when the side with 
irallel rays, the aberratjon is 

these results are equally true of plano-concave and donUe 

concave lenses. 

If we suppose the tens of least s(dierical aherration to have 

ita aberration equal to 1, the aberrations of the other lenses 

will be as follows : — 

Bert form, as m Rule 5. 1-000 

DouUe coBvez or concave, with equal curvatarea 1-561 

Plano-oonvez or concave in best pgsilion, as In Sule 9. 1-093 
PUno-oonvex oi concave in wont positioii, as in Rule 1. 4-306 
E3 
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PART I. 



- (57.) As the central parts of the lens L L>^^. 96., refract 
the rays too little, and the manfinal parts too much, it is evi- 
dent that if we could increase me convexity at n and diminish 
it gradually towards L, we diould r^nove the spherical aber- 
lation. But the ell^ise and the hyperbola are curves c^ thur 
Jdnd, in which the curvature diminishes firom n to L; and 
snatfaematicians have shown how spherical aherration may be 
entirely removed, b^ lenses whose sections are ellipses or hy« 
perbolak This cunous discovery we owe to Descartes. 




If A L D L, fi>r example, is an ellipse whose greater axis 
A B is to the disftance between its foci F,^ as the index of re- 
fraction is to unity, then parallel rays R L, R L incident upon 
the elliptical sur&ce L A L will be refracted by the ^ngie 
action of that sur&ce into lines, which would meet exactly in 
the focus F, if there were no second sur&ce intervening be- 
tween L A L and F. But as every useful lens must have two 
surfiices, we have only to describe a circle L a L round F as a 
centre, for the second surface of the lens L L. As all the rays 
refracted at the surface L A L converge accurately to F, and 
as the circular sur&ce L a L is perpieiKiicular to every one of 
the refracted rays, all these ra^ns will go on to F without su^ 
fering any refraction at the circular sumce. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose concave sur&ce is part of any spherical sur&ce 
whose centre is in the farther focus, will have no sf^erical 
aberration, and will refract parallel rays incident on its convex 
sur&ce to the further focus. 

la like manner a concavo-convex lens, L L^ whose concave 

Fig, 39. 
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rar&ce L A L is part of the ellipsoid A L D L, and whose 
convex snrfiice I alls a circle descrihed roand the &rtbeir 
fect2s of the ellipse, will cause parallel rays R L, R L to di- 
verge in directions L r, L r, which when continaed backwards 
will meet exactly in the focus F, whick wHl be its virtual 
focus. 
If a plano-convex lens has its convex 8aHhce» L A L» part 




of a hyperboloid formed by the revolution of a hyperbda whose 
l^'eater axis is to the distance between the foci as unitv is to 
3ie index of refraction ; then parallel rays, R L, R L, billing 
perpendiculurlv on the plane surface will be refracted without 
aberration to the fiirther focus of the hyperboloid. The eame 
property belongs to a plano-concave lens, having a similar 
njrperbolic sur&ce, and receiving parallel rays on its plane 
surface. 

A meniscus with spherical surfaces has the property ci re- 
fracting all converging rays to its focus, if its nrst sumce is 




^:e 



oonvex, provided the distance of the pomt of oonveigence or 
divergence from the centre of the first surfiice is to the radius 
of the first surfiu^e as the mdex of refiracticm is to imity* 
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Thua^ if U L L N is a meniscus, tnd R I^ R L rays catiT«g^ 
ing to the point £, whose distuice E C from the centre of toe 
flrst surfitce L A L erf' the meniscus is to the radius C A or 
C L SB the indeic of refraction is to unity, that is as 1-500 to 1, 
in glass ; then if F is the fbeos of the first sor&ce, describe 
with any radius less than F A a circle MaN far the second 
enr&ce of the lens. Now it will be found fay piojeotion that 
the rays R L, R L, whether near the axis A B or remote from 
it, will be refracted accurately to (he fbcua F, and as all these 
rays tall perpendicularly on the second surfkce, they will 
still pass on ivithout refraction to the focus F. In like manner 
it is obvious that raya F I^ F L diverging from F will be re- 
fracted iuio R I, R L, which diverge accurately from the Ttr< 
tual focua. 

When these properties of the ellipse and hyperbola, and of 
the solids generated by their revolutton, were first discovered, 
philosophers exerted dl their ingenuity in grinding and polish- 
ing lenses with elliptioal and byperboUcsl surfaces, and various 
ingenious mechanical contrivances were proposed for this pur- 
pose. These, however, have not succeeded, and the pmciical 
difficulties which yet require to be overcome ore so great, that 
lenses with sphencal aur&ces are the only ones now in use 
for optical inatrumentfl. 

But though we cannot remove or dlminidi the spherical 
aberration ttf single lenses beyond l^J^tbs of their thickness, 
yet by combining two or more lenses, and making opposite 
aberrations correct each other, we can remedy this defect to a 
very considerable extent in some cases, and in other cases re- 
move it altogetJier. 

(58.) Mr. Herschel hss ghowp, that if two plano-convex 
lenses A B, C D, whose focal lengths are as 2-3 to 1, are fhced 
with their convex sides together, A B the least convex being 
next the eye whenT the combination is to be used as a micro- 
Mope, the aberration will be only 0-248, or one fourth of that 
fSg. IS. of a single leus in its best form. 

When this lens is used to form an 
image, A B must be turned to the 
object If tlie focal lengths of the 
two lenses are equal, the spherical 
■ HberraUQn will be Q-QOS, or a litUe 
more than one-half of a single lens 
I in its best form. 

Mr. Herschel bss also shown that 

the Hpherical aberration may be 

tDholly removed by combining a 

menmeus C D with a double convex lens A B, ss injf^*.43. 

and 44., the lens A B being turned to the eye when it is used 
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fyc a microBeope, and to the object whra it Is to be uied ftr 
lonniiig images^ or as a buraing^kuib 

Fig.43. • FIf.iL 





The followmgf are the radii of eurvatare far theee lenses, 
as computed hv Mr. Herschel ; the first supposes, as a condi- 
tion, that the fecal len^h of the compoona lens shall be as 
near 1(H)00 as is consistent with correcting the aberration ; 
and the second, that the same fecal length riiall be the least 
povsible: — 

h/. 43. J^.44. 

Focal length of the dovble convex ) , i q.qqq i i o<oho " 

Radius of its first or outer surikce + 5-833 + 5-833 
Radius of its second surface . . — 35*000 — 85-000 
* Focal length of the meniscus C D + 17-829 + 5-497 
Radius of its first surface . . . + 3l688 + 2-054 
Radios of its second sur&ce . . -f 6-291 -f* 8-128 
Focal leng& of the compound lens + 6*407 4* 3*474 

Spherical Aberration of Mirrors, • 

(59.) We have already stated, that when parallel rays, A M, 
A N, are incident on a spherical mirror, M N, ther are re- 
fracted to the same fecus, F, only when they are incident very 
near the axis, AD. If F is the focus of those very near the 




axis, such as A m, then the fecus of those more remote, such 
as A M, will be at / between F and D, and/F will be the 
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Jonffitadiiial spberical aberration, idiich will obfknuly mcreaae 
with the diameter of the murror when its curvature remaias 
the same, aqd with the curvature when its diameter is con- 
stant The images, tiieref(»re, formed by mirrors will be in- 
distinct, like t)iose formed by spherical lenses, and the indis- 
tinctness will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, parallel to its axis, A D, and another line, 
fM drawn fixmi M to a fixed point, f, itodd always fom 
equal angles with a line, C M, perpendicular to the curve 
M N, we should in this case have a surface which would re- 
flect parallel rays exactly to a focus /, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
therefore, if we could construct mirrors of such a form that 
their section M N is a panbola, they would have the invalut- 
ble prc^ierty of reflecting parallel rays to a single focus. 
When the curvature of the mirn^ is very small, opticians 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature is great, it has not yet been 
found practicaUe to give it this figure. 

In the same manner it may be shown, that when diverging 
rays fkU upon a concave mirror of a i^h^rical form, they wifi 
be reflected to difierent points of the axis; and that if a sur- 
face could be formed so that the incident and reflected rays 
should form equal angles with a line perpendicular to the sur- 
feit at the point of incidence, the reflected rays would all 
meet in a single point as their focua A sur&ce whose sec- 
tion is an elGpse has this property; and it may be proved 
that ra3rs diverging from one focus oP an ellipse will be re- 
flected accurately to the other focus. Hence in reflecting 
microscopes the mirror should be a portion of an eUipsoid; 
the axis of the mirror being the axis of the ellipsoid, and the 
object being placed in the focus nearest the mirror. 

On Cauttic Curves formed by Befiexion and RefracHonJ^ 

(60l) Caustics formed by rejlexion, — ^As the rays incident 
on diflerent points of a reflecting surface at difierent distances 
fix)m its axis are re fl e ct ed to difierent foci in that axis, it is 
evident that the rays thus reflected must cross one another at 
particular points, and wherever the rays cross they will illu- 
minate the white groimd on which they are received with 
twice as much light bb fidls on other parts of the ground. 
These luminous intersections form curve lines, called caustic 

lines or caustic curves ; and their nature and form will, of 

»■ 1 ■ I - 

* See (in the College edition) the Appendix of Am. ed. chap. ▼. 
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cMuse, vBij with the ■pertuie of the mimr, and tbe ■JH'ff™ 
of the. radiant point. 

In rader to e^lain their mode of fonnatirai and ireneni 
propertiea, let M fi N be a concave Hpherical mirnM-, Jig. *S, 
whoee ceatre k C, and wbaae fbcua fie parallel and cantral 



lays ia F. Let R M B be a diverging beam of li^t &llmg 
on the upper part, M B, of the miiroi at the pcHiita 1, 2, 3, 4, 
&c. If we draw lines perpendicalar to all tbeie pointa fhan 
the centre C, and make the angles of reflexion equal to ths 
angles of incidence, we shall obtain the directions and foci of 
all the reflected raya. The raj R 1, near the axis R B, will 
have its conjugate Iocub at^ between F and the centre C. 
The next ray, R2, will cut the axis nearer F, and bo on witb 
all the rest, the foci advancing than /to B. B; drawing all 
the reflected ra^s to these foci, they will be S)uiul to interaect 
one another as in the figure, and to fiwm by their interaectiona 
the caustic curve Mf. If the light had aleo been incident 
iwi the lowei part of the mirror, a similar caustic shown by a 
dotted liae would also have been formed between N and /. 
If wa sappcee, therefore, the point of incidence to move frcrai 
M to B, the conjugate tbcus of any two conti^ous raya, ot 
an infinitely slender pencil diverging from R, will move along 
the cauatic from M to / 

Let us now suppose the convex aur^e M B N of tiia mir- 
ror to be polished, and the radiant point R to be [daced aa Sa 
to the right hand of B aa it is now to the left, it will be found, 
by drawing the incident and reflected rays, that they will di- 
verge after reflexion; and that when contiimed hackwarda 
tbey vriU intersect oae another, and Sana an ima^inaif cauatic 
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ritwted behind, the coovez surface, uid nmilar to the red 

If Te BoppcmB the convsx mimn' M B N to be completed 
louud the aame centre, C, u at H A N, and the pencil <£ 
mya still tg ndiate fit«B R, thef will form the imegioujr 
cauatic M/'N ■nailer th&u M/N, and unitiiig with it at 
tiKpointali,N.' 

Let the ladiant pmnt R be now eappoaed to recede from 
the mirror M B N, the line Bf, which ia called the langeni 
(^ the real caustic M.fN, will obviously diminish, becauae 
the conjugate fi>cu3 / will approach to F; and, fiir the mtae 
reaaoD, tl^ lauffent A f of the iraa^^invy caustic will in- 
crease. When R becomes infinitely dutant, and the incident 
ra^ panllel, the points fjf, called the ciupt of the caustic, 
will both coincide with F and F, tbe principal foci, and will 
have the very Bame cdze and fiwm. 

But if tbe ladiant point R apprcachea to the mirror, the 
cusp / of the real caustic will approach to the centre C, and 
the tangent B f will increase, the cusp \f' of the imaginary 
caustic will approach A, and its tangent A^', will diminish; 
and when the radiant point arrives at the circumference at A, 
the cusp f win also arrive at A, and the imaginary caostie 
will disappear. At the same time, the cnsp / of the real 
caustic will be a Uttl^to tbe right of C, uid its two of^nnte 
•ommitEi will meet in the radiant point at A. 

If we tuppoee the radiant point R itow to enter within the 
circle A M B N, as Aomi in ^. 47., eo that R C ia le« than 



erCBter tfaan R A, the cuired bnncbes thai mkA at J" behind 
tDe miirra' will diver^ and have a viituei focus within the 
roincH-. When R coioctdea with P, a point half-wa; between 
A and C, and the virtual principal £>cnE cf the convex mirTOT 
MAN, these curved iHincbee become puallel' linea ; and 
wben R coincidea with the centre C, the caustica diwppear, 
and all the light is condensed into a single matheBiBtical point 
at C, from which it oeain diverges, and is again reflected to 

which these ]4ienoniena de> 
ler certain circtimatances, the 
g rajs diverging finm a fixed 
or converging ; that is, if the 
Llhin the principal fecua cf a 
le axis are reflected into par- 
incident still nearer the azis 
i tboee incident &tther fnna 
rging. This property may be 
:tioQ of the reflected raya. 
Y seen in a very distinct ant 
if cylindrical vesela of china 
le exposed to the lieht (f the 
ses the rays generMly ikU too 
uface, owing to their depth; 
804*1116 canstic curves beau- 
a circular piece of card ot 

^_r— beneath their upper edge, or 

l^ fiUine them to that height with milk or any white and 
Ofaque fluid. 

Fit- IS. The following method, bowevw, of ez- 

hibitiog caustic curves I have found ex- 
ceediogly convenient and instructive. Take 
a piece <x steel spring highly polished, such 
" MN, /g. 48., andhav- 










fi^ire, place it vertically on its edge 
a piece of card or white paper A B. ua 
it then be exposed either to the lays of 
the sun, or those of any other luminous 
bodV) taking care that the pluie of the 
card or the paper passes nearly throogfa 
and the two canetic curves shown 



varying 



figure will be finely displayed, fij 
g IheeiMaf the spring, ana bendBf 
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it into curves d differeot shapes, all the variet;3r of caustics, 
with their f usps ^d points of contrary flexure, will be finely- 
exhibited. Th» steel majr be bent accurately into different 
curves by applying a pcntion of its breadth to the required 
curves drawn upon a piece of wood, and either cut or burned 
sufficiently deep in the wood to allow the edge of the fhiii 
strip of metal to be inserted in it Gold or silver foil answers 
verv well ; and when the light is stron£f, a thin strip of mica 
will also answer the purpose. The lest substance of all, 
however, is a thin strip of polii^ied silver. 

(61.) Caustics formed by refraction. If we expose a. 
globe of glass filled with water, or a sdid spherical lens^ or 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper hdd almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded bv two bright caustics, like af and 
b f. Jig. 47., but placed oehind the sphere, and forming a 
sharp cusp or angle at the point f which is the focus of re- 
fracted rays. The production of these curves depends upon 
|he intersection of ra^s, which, being incidait on the sphere 
at different distances from the axis, are refracted to foci at dif^ 
ferent points of the axis, and therefinre cross one another. 
This result is so easily understood, and may be exhibited so 
clearly, by projecting the refracted rays, that it is unneces- 
sa^ to say any more on the subject 

Some of the phenomena of caustics produced by refraction 
mav be illustrated experimentally in the fdlowing manner: — 
Take a shallow cylindrical vessel of lead, M N, two or three 
inches in diameter, and cut its uppier margin, as shown in the 
figure, leaving two opposite projections, ac,bd, forming each 
about 10° or 15° of the whole circumference. Complete the 
circumference by cementing on the vessel two strips of mica, 
Fi^. 4d. so as to substitute fi)r the lasui that has 

been removed two transparent cylin- 
-T^TTMjifc. - ^ drical surfaces. If this vessel is filled 

with water, or any other transparent 
fluid, and a piece of card or white 
paper, A B C D, is held almost paral- 
lel to the surfkce d the water, and 
having its plane nearly passing 
through the sun or the candle, the caustics A F, D F will be 
finely displayed. By altering the curvature of the vessel, 
and^hat of the strips of mica, many interesting variadqps ol 
thf ejqpef iment may be made. 
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PHYSICAL OPTICS. 



(62.) Phtsioal Optics is that branch of the science whidi 
treats of the physical properties of light These properties 
are exhibited in the decomposition and recompiontion of white 
light; in its decomposition by absorption; in the inflexion or 
difi&action of light ; in the colors of thick and thin plates ; and 
in the double re&action and polarization of light 



CHAP. vn. 

ON THB COLORS OT UOHT, AND ITS DEOOMPOSITIOM. 

(68.) In the preceding chapters we have regarded light as 
a simple substance, all die ports of which had the same ind4|i 
ci ren*actkHi, and ^erefore suffered the same changes when 
acted upon by transparent media. This, however, is not its 
constitution. White light, as emitted from the sun or from 
any luminous body, is composed of seven different kinds of 
light, viz., red, orange, yeUow, green, blue, indigo, and violet; 
and this compound substance may be decomposed, or analyzed, 
or separated into its elementaiy parts, by two different pro- 
cesses, viz., by refrctctionnnd absorption. 

The first of these processes was that which was employed 
by Sir Isaac Newton, who discovered the composition of white 
li^t Having admitted a beam of the sun*s light, S H, 
through a small hcAe, H, in the window-shutter, E F, of a 
darkened room, it will go on in a straight line and form a 
round white spot at P. If we now interpose a prism, BAG, 
whose re&actmg angle is B A C, so that this beam of light 
may fall on its first surface CA, and emerge at the same 
angle from its second sur&ce B A in the direction «* G, and if 
we receive the refracted beam on the opposite wall, or rather 
on a white scroti, M N, we should expect, from the principles 
already laid down, that the white beam which previously fell 
upon P would suffer cmly a change in its direction, and &U 
somewhere upon M N, forming there a round white spot ex- 
actly similar to that at P. But tiiis is not the case. Instead 
of a white spot, there will be formed upon the screen M Ntm 
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obloQg ima^ K L of the bud, ccntoiDiii^ seven txdon, vie 
red, orange, yeliow, green, blae, indigo, and violet, the whole 



beun </ light diTerging &om its emerettxie out of the priam 
ft g. »nf. Mine bounded by the lines gK, g L. Thia length- 
Aied iiiuige <tf the aim is called the tohr tpectntm, cff the 
prumuiEte tpectrum. If the aperture H ia atna]), and the dia' 
tance g G conaiderBble, the colc«t! of the spectrum will be veij 
bright. The lowest portion of it at L ia a brilliant red. Tha 
led shades off by imperceptible gradaUims into orange, the 
orange into yeUma, the yeUoto into green, the green into &I««^ 
the mue ioto a pure inc^-o, and the indigo into a violeL No 
lines are seen across the spectrum thus produced; and it i* 
extremely difficult for the sharpest eye to point out the bound- 
ary of the different colors. Sir Isuc Newtco, however, by 
many trials, found the lengths of the colors to be as foUowa, 
in the kind of glass of which his prism was made. We liB*e 
•dded tlie resuFts obtained l? Fraimbofer with flint gbssi 

Rod 45 56 

Onutge 97 ST 

Yellow 48 97 

Greeik ..... 60 46 

Slue 60 48 

Indigo 40 47 

Violet 80 loa 

Total length 360 360 
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These colors are not equally brilliant At the lower end, 1$, 
of the spectrum the red is comparatively fiiint, but grows 
brighter as it a^^roaches the orange. The light increases 
gn^ually to the middle of the yeltow space, where it is 
brightest; and &om this it gradually declines to the upper or 
violet end, K, of the spectrum, where it is extremely mmt 

(64) From the i^enomena which we have now described, 
Sir Isaac Newtcm concluded that the be&m of white light, S, 
is compounded of light of seven difierent ccdors, and that for 
each of these different kinds of light, the fflass, of which his 
prism was made, had difl^rcait indices dt redaction ; ihe index 
of refraction for the red light being the least, and that cf the 
violet liie greatest 

If Uie prism is made cf crown gtass^ for example, the in- 
dices of re&aetion for the different colored rays will be as- fol« 
lows :— 



UHexct 
Safnetioa. 



TadexaT 

SafraettaB. 



Red 1*5258 

Orange ..... 1-5268 

Yellow 1-5296 

Green 1-5330 



Blue 1-5360 

Indigo 1.5417 

Violet 1-5466 



If we now draw the prism, B A C, on a great scale, and de* 
tannine the progress of the .refracted rays, supposed to be in- 
cident upon the same point of the first sur&ce C A, by using 
for each ray the index of refraction in the preceding table, we 
shall find them to divergfe as in the prece4i9|F figure, and to 
form the different colors in the order of those m the spectrum. 

In order to examine each color separately. Sir Isaac made 
a hole in the screen M N, opposite the centre c^ each colored 
space ; and be allowed that particular colcnr to fiiU upon a 
second prism, placed behind the hole. This li^t, when re- 
firacted by the second prism, was not drawn out into an oblong 
image as before, and was not refracted into any other colors. 
Hence he concluded that thd light of each different color had 
the same index of refraction ; and he called such light homo* 
geneous, or simple^ white light being regarded as heteroge^ 
neous or compound. This important doctri]^ is called the 
different refrangibility of the rays of l^ht. The different 
colors as existing in the spectrum are called primary colors ; 
and any mixtures or combinations of any of tnem are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light. Sir Isaac also proved, experimentally, that all tho 
seven colors, when again combined uid made to &U upon th» 

f 2 
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eame spot, fcmned or recampesed white light This important 
truth he established by various experiments ; but the following' 
method of proving it is so satisfactory, that no farther evidence 
seems to be wanted. Let the screen M Ntfig. 50.^«which re- 
ceives the spectrum, be gradually brought nearer the prism 
B A C, the 4>e<^trum K L will gradually dimmii^ ; but though 
the colors begin to mix, and encroach upon one another, yet, 
even when it is brought close to the face B A of the prisn, we 
shall recognize the separation of the light into its component 
colora If we now take a prism, B a A, shown by dotted lines, 
made of the same kmd of glass as B A G, and having its re- 
firacting angle A B a exacUy equal to the refracting angle 
B A C of the other prism ; and if we place it in the opposite 
direction, we shall find that all the seven dif^rently colored 
jnys which &11 upon the second prisma A B O) are again com- 
bined into a sinMe beam of white light ^ P, forming a white 
circular spot at F, as if neither of'ti;^ prisms had been inter- 
posed. The very same effect will be poduted, even if the 
surfaces, A B; of the two prisms are joined by a transparent 
cement of the same refractive power as the glass, So as to re- 
move entirely the refhictions at the conlmon surface A B. In 
this state the two prisms combined are nothing more than a 
thick piece of glass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by there- 
fraction oi the first surface, A C, is counteracted by tiie oppo- 
site and equal refiraction of the second surface, a B; that ifi^ 
the Hght decomposed by the first sur&ce is recomposed by the 
second surface. The refraction and re-union of tiie ra3rs in 
this experiment may be well exhibited by placing a thick pkte 
of oil of cassia between two parallel plates of glass, and 
making a narrow beam of the sun's li^t fejl upon it very ob^ 
liquely. The sfiectrum formed by the action of the firet suf- 
fiice will be distinctiy vkible, and the re-union of the cdors 
by the second will be equally distinct We may, therefinre^ 
consider the action of a plate of parallel glass on the sun's 
rays, that is, its property of tnmsmitting them cdorlese^ as « 
sufficient proof of me reooraposition of light 

The same doctrine may be illustrated exp^imentally by 
mixing together seven ^iff&cen^ powders having the same 
colors as those of the spectrum, taking as much of each aa 
seems to be proportioDal to the rays in each cotored space. 
The omon of these cdors will be a sort of grayis^white, be- 
cause it is impQssible to obtain powders of 3ie proper coIoib. 
The same result will be obtained, if we ti^e a circle of paper 
md divide it into sectors of the same size as the cdorad 
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spaces ; and when this circle is made to revolye rapidly, the 
effect of all the c(^ors when combined will be a grayish-white* 

Decomposition of Light hy Absorption. 

(66J) If we measure the quantity of light which is reflected 
from the sur&ces and transmitted through the substance of 
transparent bodies, we shall find that the sum of these quan- 
tities is always less than the quantity of light which falls 
upon the body. Hence we may conclude that a certain por- 
tion of light is lost in passing through the most transparent 
bodies. This loss arises from two causes. A port oi the light 
IS scattered in all directions W irregular reflexion flrom the 
imperfectly pdished sur&ce of particular media, or from the 
imperfect union of its parts ; winle another, and generally a 
greater portion, is absorbed, or stopped by the particles of the 
body. Colored fluids, such as black and red ink, though 
equally homogeneous, stop or absorb different kinds of rays> 
and when exposed to the sun they become heated in different 
degrees; while pure water seems to transmit all the rays 
equally,* and scarcely receives any heat firom the passing light 
of the sun. 

When we examine more minutely the action of colored 
glasses and colored fluids in absorbing light, many remarkable 
phenomena present themselves, which ti&ow much light upon 
this curious subject 

If we take a piece of blue glass, like that generally used 
fer finger glares, and transmit through it a beam of white 
light, the light will be a fine deep blue. This blue is not a 
simple homogeneous color, like the blue or indigo of the spec- 
trum, but is a mixture of all the colors oi white light which 
the g^ass has not absorbed ; and the colors which the ^lass 
has absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form white light 
In order to determine what these coIots are, let us transmit 
through the blue glass the prismatic spectrum K h, fig, 50. ; 
or, what is the same thing, let the observer place his eye. be- 
hind the prism BAG, and look tbrou^ it at the ann, or 
Tather at a circular aperture made in the window-shutter of 
a dark room. He will then see through the prism the plec- 
trum K L as fkr below the aperture as it was above the spot P 
when shown in the screen. Let the blue glass be now inter- 
posed between the eye tmd the prism, and a remarkaUe spec- 
trum will be seen, deficient in a certain number of its differ- 

— ■ 

♦ See Note VL. at Am. cd., which foUowa the aiHhor*« Appendix. 
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ently colored rays. A particular thickness absorbs the middle 
of the red space, the whole of the orange, a great part of the 
green, a considerable part of the blue, a little of the indigo, 
and very little of the violet. The yellow space, which has 
not been much absorbed, has. increased in'breadth. It occu- 
pies part of the space formerly covered by the ormige on one 
side, and part o^ the space formerly covered by the green on 
the other. Hence it fbllo^ss, that the Uue gls^ has absorbed 
the red light, which, when mixed with the yellow light, con* 
stituted orange^ and has absorbed also the blue light, which, 
when mixed with the yelhw, constituted the part of the 
green space next to the yellow. We have therefore, by ab- 
sorption, decomposed green light into ydUw and Hue, and 
orange light into yeUmo and rM ; and it consequently follows^ 
that the orange and green rays of the spectrum, though they 
cannot be decomposed \xf prismatic refraction, can be decom- 
posed by absorption, and actually consist of two different 
cojors possessing tlie same degree of refrangibility. Differ- 
ence of color is therefore not a test of difference of refrangir 
bility, and the conclusion deduced by Newton is no longer 
admissible as a general truth : " That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

With the view of obtaining a complete analysis of the spec- 
trum, I have examined the spectra i»K)duced by various bodies, 
and the changes which they undergo by absorption when 
viewed through various colored media, and I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from tliese observations, which it would be out of place 
here to detail, I conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a yellow 
spectrum, and a blue spectrum. The primary red spectrum 
has its maximum of intensity about the middle of the red 
space in the solar spectrum, theprinuzry yellow spectrum has 
its maximum in the middle oi the yellow space, and the 
primary blue spectrum has its maximum between the blue 
and the indigo space. The two minmiaof each of the three 
primary spectra coincide at the two extremities of the scdar 
spectrum. 

From this view of the constitution of the solar spectrum 
we may draw the following conclusions : — 

1. B£dy yeUoWf and bliie light exist at every point of the 
solar spectrum. 

2. As a certain portion of red, yeUow, and blue constitute 
white light, the color of every point of the spectrum may be 
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eoDsidered as CQiisisting of the pFedominating color at any 
point mixed with white light In the red space there is more 
red than is necessary to lOBike white light with the small por« 
tions of yellow and hlue which ejust there ; in the yellow 
space there is more yellow than is necessary to make white 
li^ht with the red and hloe ; and in the part of the hlue space 
ismich appears videt there i» more red than yellow, and 
h^ice the excess o£ red forms a violet with the blue. 

3. By absorbing the excess of any color at any point of ihe 
spectrum above what is necessary to form white li^ht, we 
may actoally cause white light to appear at that^pomt, and 
this white light will possess the remarkable property of re- 
maining white after any number of refractions, and of being 
decomposable only by absorption. Such a white light I have 
succeeded in developing in different parts of the spectrum. 
These views harmonize in a remarkable manner with the 
hypothesis of three colors, which has been adopted by many 
I»dlosophers, and which others had rejected from its incom- 
patibility with the phenomena of the spectrum. 

The existence of three primary colors in the spectrum, and 
the mode in which they produce by their combination the 
seven secondary or compound colors which are developed by 
the prisjop, will be understood from Jig, 51. where M W is the 
prismatic spectrum, consisting of three primary spectra of the 
same lengths, M N, viz. a red, a yeUow, and a bltie spectrum. 
The red spectrum has its maximum intensity at R; and this 
intensity may be represented by the distance of the point R 
from MN. The intensity declines rapidly to M and slowly 
to N, at both of which points it vanishes. The yeUow speo- 

Fig. 5L 




trum has its maximuifi intensity at Y, the intensity declining to 
zero at M and N ; and the blue has its maximum intensity at 
B, declming to nothing at M and N. The general curve 
which represents the total illumination at any point will be 
outside of these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point Thus the ordinate of the general curve at the i)oint Y 
will be equal to the ordinate of Sie yellow curve, which we 
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may sunpose to be 10, added to that of the red curve, wfakk 
may be 2, and that of the blue, which may be 1. Hence the 
general ordinate will be 13. Now, if we suppose that 3 port* 
of yellow, 2 of red, and 1 of blue make white, we shall have 
the color at Y equal to 3 + 2 4- 1, equal to 6 parts of whita 
mixed with 7 parts of yellow ; that is, the compound tint u 
Y will be a bright yeliow without any trace dT red or Uue. 
As these colors all occupy the same place in the spectmoL 
they cannot be separated by the prism ; and if we could fin4 
a colored glass which would abs^b 7 parts of the yellow, wa 
diould obtain at the point Y a white light whk^ the prism 
could not decompose.* 



CHAP. vm. 

ON THS DISPERSION OT LIGHT. 

In the preceding observations, we have considered the pri» 
matia spectrum, K L,Jig. 50., as produced bv a prism of glasi 
having a given refracting angle, BAG. The green ray, or 
g G, which, being midway between g K and g* L, is called 
me mean ray of the spectrum, has been refracted from P to 
G, or through an angle of deviation, P ^ G, which is called 
the mean refraction or deviation, produced by the prism. If 
we now increase the an^le B A C of the prism, we shall in- 
crease the refraction. The mean ray g G will be refracted 
to a greater distance frbm P, and the extreme rays ^ L, ^ K, 
to a ^ater distance in the same proportion ; that is, if ^ G 
is retracted twice as much, g h and g K will also be refiucted 
twice as much, and consequently the length of the spectrum 
K L will be twice as great For the same reason, if we 
diminish the angle B A C of the prism, the mean refraction 
an4 the spectrum will diminish in the same proportion ; but, 
whatever be the angle of the prism, the length KL wUl al- 
ways bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms made of all sub- 
stances whatever, product spectra bearing the same propor- 
tion to the mean refraction as prisms of ^ass ; and it is a re- 
markable circumstance, that a philosopher of such sagacity 
i^ould have overlooked a fact so palpable, as that dinerent 
bodies produced spectra whose lengths were different, when 
the mean refraction was the same. 

'Hie prism BAG being supposed to be made of crown 

* See Note III., by Am. ed., foHowing the author's Appendix. 
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glass, let us take another c^ flint glass or tohite crystal^ with 
such a refracting angle that, when placed in the position 
BAG, the light enters and quits it at equal angles, and re- 
fracts the mean ray to the same point 6. The two prisms 
ought, therefore, to have the same mean refraction. But when 
we examine the spectrum produced by the flint ^lass prism, 
we shall find that it extends beyond K and L, and is evidently 
longer than the spectrum produced by the crown glass prism. 
Hence flint glass is said to have a greater dispersive power 
than crown glass, because at the same angle oi mean refnic- 
tion it separates the extreme rays of the spectrum, ^ L, ^ K, 
fiurther from the mean ray g G. 

In order to explain more clearly what is the real measure 
of the <tispersive power of a body, let us suppose that in the 
croum glass prism, BAG, the index oi refraction foe the ex- 
treme violet ray, ^E, is l-5^y66, and that for the extreme red 
ray, g L, 1*5258; then the difference c^ these indices, or 
-0208, would be a measure of the dispersive power of crown 
glass, if it and all other bodies had the same mean refraction : 
out as this is fkr from being the case, the dispersive power 
must be measured by the relation betweeh '0208 and the 
mean refraction, or 1*5930, or to the excess of this above 
unity, viz., *53d0, to which the mean refraction is always pro- 
portional. For iJie purpose of making this clearer, let it be 
required to compare the dispersive powers of diamond and 
croton glass. The index of refraction of diamond for the ex- 
treme violet ray is 2*467, and for the extreme red, 2*411, and 
the difference oC these is *0560, nearly three times as great as 
-0208, the same difference for crown glass ; but then the dif- 
ference between the sines of incidence and refraction, or the 
excess of the index of refraction above unit^, or 1*439, is also 
about three times as great as the same dii^rence in crown 
fi^lass, viz., '5330 ; and, consequently, the dispersive power of 
diamond is very little greater than that of crown gkss. The 
two dispersive powers are as follows : — 

Crown Glass . . . :jfjf = 0*0386 
Diamond .... V'.ffJ = 0*03^8 

This similarity of dispersive power might be proved experi- 
mentally, by taking a prism of diamond, which, when placed 
at B A U in^^. 50., produced the same mean refraction as the 
green ray g G. It would then be seen that the spectrum 
which it produced was of the same length as that produced 
by the prism of crown fflassL Hence the splendid colors 
which distinguish diamona from every other precious stone 
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are not owin^ to its high diq[)ersive power, hut to its great 
mean refraction. 

As the indices c^ refraction given in our tahle of refractive 
powers are nearly^ suited to the mean ray of the spectrum, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, No. L, obtain the 
approximate indices of refraction for the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index of refraction ibr the index of refrac- 
tion of the violet, and subtracting half of the same number 
for the index of the red ray. T\m measures in the table are 
given for the ordinary light of day. When the sun's light ia 
used, and when the eye is screened from the middle rays of 
the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refraction for the extreme ray is thus 
known, we may determine the position and length of the 
spectra produced by prisms of dinerent substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, and whatever be the distance of the screen on which 
the spectrum is received. 

If we take a prism of crown glass, and another of flint 
glass, with such refracting angles that they produce a spec- 
trum of precisely the same length, it will be found, that when 
the two prisms are placed toge£er with their refracting angles 
in opposite directions, they will not restore the refract^ pencil 
to the state of white light, as happens in the combination of 
two equal prisms of crown or two equal prisms of flint glass. 
The white light P,j^^.50., will be tinged on <me side with 
purplcy and on the other with green light This is called the 
secondary spectrum, and the colors secondary colors ; and it 
is manifest that they must arise from the colored spaces in the 
spectrum of crown glass not being equal to those in the spec- 
trum of flint glass. 

In order to render this curious property of the spectrum 
very obvious to the eye, let two spectra of equal length be 
formed by two hollow prisms, one containing oU of cassia, 
and the other sulphuric acid, "The oil of cassia spectrum will 
resemble A'Rjfig, 52., and the sulphuric acid spectrum C D. 
In the former, the red, orange, and yellow spaces are less than 
in the latter, while the blue, indigc, and violet spaces are 
greater ; the least refrangible rays being, as it were, contract- 
ed in the former and expanded in the latter, while the most 
refrangible rays are expanded in the one and contracted in the 
other. In consequence of this difierence in the colored spaces, 
the middle or mean ray m n does not pass through the same 
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green epace. Aa the colored spaces bare not the nine ntki 
to raw anothet as the lengths or the spectra which they c«n- 
pcae, this property has been called the irratiotuilitt/ of dUper- 
aUm, or of the colored spaces in the spectrum. 

In order to ascertain whether any prisni contracts or ex- 
pands the least refrangible rays more than another, or which 
t£ them acts most on green light, take s prism of each with 
such angles that they correct each other's dispersion as much 
as possiUe, or that uey produce spectra of the same length. 
I^ through the prisms placed with their refracting angles in 
opposite directions, we look at the bar of the window parallel 
to the hose of the iirism, we shall see its edges perfectly free 
&(K0 color, provided the two prisms act equally upim green light. 
But if they act differently on green light, the bar will have a 
fringe of purple on one side, and a fringe of green on the 
other ; and the green fringe will always be on &e same aide 
of the bar as the vertex bf the prism which contracts the yel- 
low space and expands the blue and violet ones. That is, if 
the prisms are flmt and crown glass, the uncorrected green 
fringe will be ml the lower side of the bar when the vertex of 
the flbt glass prism points downwards. Elint glass, therefore, 
has a less action upon green light than crown ghsB, and con* 
tracts in a greater degree the red and yellow spacea Sea 
Appendix, No. II. 
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CHAP. IX. 

ON THB FKINOIFLE OF AOHEOlIiElIO TBUBKOPBS. 

Ih treating oi the profifress of rays through lenses, it was 
taken for grants that the light was hoinogeneous, and that 
every ray that had the same angle oi incidence had also the 
Hune angle of refraction ; or, what is the same thing, that 
ever^ ray which fbll upon the lens had the same index of re- 
fraction. The observations in the two preceding chapters 
have, however, proved that this is not true, and that, in the 
case of li^ht fiiliing upon crown glass, there are rays with 
every possible index of refraction from 1*5258, the index of 
refraction fi)r the red, to 1*5466, the index of re&action for the 
violet rays. As the light of the sun, by which all the bodies 
of nature are rendered visible, is white, this pnroperty of light, 
viz. the different refran^ibility of its parts, arocts greatly the 
formation of images by lenses of all kinds. 

In order to exj^in this, let L L be a convex lens of crown 
glass, and R L, B L rays of white li^t incident uponit par* 

Fig. Si. 




aHel to its axis R r. As each ray R L of white light consists 
of seven differently colored rays having di^rent degrees <^ 
re&anffibility or different indices of refraction, it is evident 
that an the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon one pomt The 
extreme red rays, for example, in R L, R L, whose index of 
refraction is 1-5258, if trac^ tiirough the lens by the mt^od 
formerly ffiven, will be found to have their focus in r, and C r 
will be the focal length of the lens for red rays. In like 
manner the extreme violet ravs, which have a greater index 
of refraction, or 1*54^, will be refracted to a focus v much 
nearer the lens, and C v will be the focal len^h of the lens 
far violet rays. The distance r r is called the diromatic aber- 
ration, and the circle whose diameter is a 6 passing through 
the focus of the mean refrangible rays at o, is called the cirde 
of least aberration. 
These effecte may be shown experimentally by expodng the 
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lens L L to the pazttUel rays of the sun. If we receive tifa 
image of the son on a piece of paper placed between o and G» 
the luminous circle on liie paper will have a red border, be* 
cause it is a section of the cone L a 5 L, the exterior rays of 
which Lti, L b are red; but if the paper Is placed at anr 
greater distance than o, the luminous circle on the paper wqI 
have a violet border, because it is a section of the cond I abl\ 
the exterior rays of which a Z , 6 T are violet, being a contin- 
uation of the violet rays L v, L v. As the spherical aberratioa 
of the lens is here comlnned with its chitNoiatic ab^nration, 
the undisguised ef^t of the latter will be better seen by 
taking a large convex lens L L» and covering up all the cen- 
. tral {Nirt, leaving only a small rim round its circumference it 
L h, through which the rays of light may pass. The refira6- 
. tion d the differently colored rays will be then finely dil- 
played by viewing the image of the sun on the different sides 
of a &. 

It is cle^ &om these observationB that the lens w31 ftrm ^ 
vidlet image of the sun at v, a red image at r, and iniages of 
the other colors in the spectrum at intermediate points be- 
tween r and v; so that if we place the eye behind thecfd 
images, we shall see a confused image, possessing none df 
that sbarpnesB «nd distinctness which it would have had S 
formed only by one kind of rays. 

The same cibservations are true of the refraction <^ white 
light by a Concave lens; only in this case the parallel rayk 
wtach such a lens refracts diverge, as if they proceeded firoad 
emrate foci, v and r, in fhnut of the lens. 

If we now place behind L L a concave lens G 6 of thft 
flune glass, and having its surfaces ground' to the same Cur- 
vature, it is obvious wt since v is its virtual focus for viol^t^ 
and r. its virtual focos for red rays, if the paper is held at a ft, 
the focus of the mean refran^ble mys, where the violet and 
red rays cross at a and 6, the miage will be more distinct thaa 
in any other position ; and when rays converge to the focus of 
any concave lens, they will be refracted into parallel direc- 
tions; that is, the cmicave lens will refract these coayemnf 
lays into the parallel lines G Z, G l, and they will again rorm 
whke light That the ted and vi<^ rays will be thus re- 
united in cme, viz. G 2, may be proved by projecting them ; but 
it is obvious also from the consideration that the two lenseA 
L L, G G actually form a piece of parallel glass, the outer 
concave sor&ce of G G being parallel to the outer convex sur^ 
face of L L. 

(670 ^^ though we have thus corrected the color produced 
byi^L L, by means of ike lens G G, we have done this hf 4 
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ntelefli combiiiatkm ; amce the two together act only like a 

Siece of plane glacs, and are incapable of forming an hnage. 
f we make the concave lens G G, however, of a looger fbcoB 
than L L» the two together will act as a ooavez lens, and will 
. ftxm images behind it, as the rays G ^ G { will now converge 
to a focus behind L L. But as the chromatic aberration of the 
lens G G wiU now be less than that of L L, the one will not 
correct or compensate the other ; so that the difl^rence be- 
tween the two aberrations will still remain. Hence it is im- 
possible, by means c^ ttoo lenses of the same glass, to form 
an image which shall be free from color. 

As ^ Isaac Newton believed that ajl substances whatever 
produced the same quantity of color, <x had the same chro- 
matic aberration when formed into lenses, he concluded that 
it was impossible, by the combination of a concave with a con- 
vex glass, to produce sefraction without color. But we have 
alrei^y seen that the premises from which this conclusion was 
drawn are incorrect, and that bodies have different dispersive 
powers, or produce different degrees of color at the same mean 
refraction. Hence it follows that different lenses may produce 
the same degree €€ color when they have different focal 
lengths ; so that if the lens L L is made of croion glass, whose 
index of refraction is 1*519, and dispersive power 0*036, and 
tiie lens G G of flint glass, whose index (^refraction is 1*569, 
and diq[>ersive power 0*0^3, and if the focal lenffth of the 
convex crown-glass lens is made 4^ inches, and that of the 
concave flint-gmss lens 7f inches, they will form a lens with a 
focal length of 10 inches, and will re&act white light to a 
aingle focus free of color. Such a lens is called an achrO- 
tnatic lens ; and when used as a telescope, with another glass 
to magnify the colorless image which it forms of distant ob- 
jects, it constitutes the atmromatic tdescope, one of tiie 
greatest inventions of the last century. Althoi'gh Newton, 
reasoning from his imperfect knowledge of the dispersive 
power of bodies, pronounced such an invention to be hopeless; 
jret, in a short time after the death of that great philosopher, 
it was accomplished by a Mr. Hall, and «dlerwards by Mr. 
DoUcnd, who tirought it to a high degree of perfection. 
. ^he image formed by an aclu'omatic lens thus constructed 
would have been perfect if the equal spectra formed by the 
crown and flint glass were in every respect similar : but as 
we have seen that the colored spaces in the one are not equal 
to the colored spaces in the other, a secondary spectrum is 
left ; and therefore the images of all luminous objects, when 
seen through such a lens, will be bordered on one side with a 
purple fringe, and on the other with a green fringe. If two 
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«coii]d be Ibund of different refractive and di^r^v^ 
powers, and capable of producLcg equal spectri, in which the 
colored ^ocw were equal, a perfect achromatic lens would be 
produced ; but, aa no such substances have yet been found, 
philosophers have endeavored to remove the imperfecticn ij 
other means ; and Doctor BlaiT bad the merit of sunnounf Jng' 
the difficult]^. He fiiund that muriatic acid had Ihe ptopertj 
of produci;^ a primary spectrum, in which the gteea ravi 
were among' the moet refiangible, something like C D,^f. Ol, 
aa in crown glass. But as muriatic acid has too low a refrac- 
tive and dispCTsive power to fit it for being used as a concave 
lens alongp with a convex OQC of crown glass, he therefore 
conceived the idea of increasing the refractive and dispersive 
piwers of the ihuriatic acid, by mixing' it with metallic adu- 
tioaa, such as muriate of antimony ; and he found he could da 
thb to the requisite extent without altering its law of dispeN 
(doD, or the ptopottlon of the cobred spaces in its spectnun. 
Bj inclosing', thet'etbre, muriate of antimony, L X, between 
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ope fccDi^ Cfgn thoB^ tbe prianw and the lenses ue made of 
■" " " ■ Wbenoo " ~ 



the aune kind of gfasBL When ooe prism of a di^rent angle 
is tfaoB made to oofiect the di^eiBkxi cf anodier prism, a ter- 
ii m rw Mpecirum is produced, wliich depends whoUj od tiie 
an^BB at which the light is refracted at the two smftces of 
the priaoisL See TnoHte en New PUkmopkical £u(nft- 
FL4Da 



CHAP. X. 

<Mi THB PHmCAL FBOFKBmS OT THX SFBCTKUlf. 



(dd.) Lf the preceding chapter we have coosida^ od^ 
those general properties ot tte solar spectrum on ii^iidi the 
coostroction of adiromatic lenses dependsL We shall now 
proceed to take a general riew of all its physical jHoperties. 

On tke Exittmce of Fixed Lmet m the Spectrum, 

In the year 18Q2, Dr. Wcdlaslao annoanced that in the 
epectram formed by a fine prism of flint glass, firee from veins^ 
when the luminous object was a slit, the twentieth oi an inch 
wide, and viewed at the distance of 10 or 12 feet, there were 
two fixed ^k lines, one in the green and the other in the 
blue qnce. This discovery did not excite any attention, and 
was not feUowed out by its ingenioos author. 

Without a knowledge of Dr. WoUaston's observation, the 
late celebrated M. Framihofer, of Munich, by viewing thnWh 
a telescope the E^>ectrum formed fixMn a narrow line of souir 
light by the finest prisms of flint glass, discovered that the 
sur&ce of the spectrum was crossed throughout its whole 
length by dark lines of different breadths. None of these lines 
coincide with the boundaries of the colored spaces. They are 
nearly 600 in number : the largest of them subtends an angle 
€ii from 5" to 10". From their distinctness, and the &ciUty 
' wiUi which th^ may be fi>und, seven of these lines, viz. 
A Qt D, £, F, Gr, H, have been particularly distinguished by 
M. FrtiunMer. Of these B lies in the red space, near its 
outer end ; C, which is broad and black, is beyond the iniddle 
of the red ; D is in the orange, and is a strong double line, 
easily seen, the two lines being nearly of the same size, and 
separated by a bright one; E is in the green, and consists of 
several, the middle one being the strongest; F is in the bhiCt 
and is a very slrong line ; G is in the mdigo, and H in the 
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violet. Besides these lines there are others which deserve ta 
be noticed. At A is a well defined dark line within the red 



Fig, 55. 




space, and half-way between A and B is a groap of seven or 

eight, forming together a dark band. Between B and C there 

are 9 lines ; between C and D there are 30 ; between D and 

^ E there are 84 of different sizes. Between £ and b there are 

I 24, at 6 there are three very sti^ng lines, with a fine clear 

space between the two widest; between b and F there are 

52; between F and G 185; and between G and H 190, 

! many being accumulated at G. 

/ ^^^ These lioes are seen with equal distinctness in spectra pro* 
I (^ duced by all solid and fluid bodies, and, whatever be the 
I ^ lengths of the spectra and the proportion of their colored 
/ spaces, the lines preserve the same relative position to the 

%/ boundaries of \the colored spaces ; and therefi>re their propor- 

/ tional distances vary with the nature of the prism by which 

^ they are produced. Their number, however, tiieir order, and 

their intensity are absolutely invariable, provided light comins^ 
eitiier directly^ or indirectly from the sun be @mploye(L 
Similar bands are perceived in the light of the jplanets and 
Jlxed stars, of colored fiames, and of the electric spark. The 
spectra from the light of Mars and from that of Venus con- 
tain the lines D, £, o, and F in the same positions as in sun- 
light In the spectrum, from the light of Siritis, no fixed 
lines could be perceived in the orange and yellow spaces ; but 
in the green there was a very strong streak, and two other 
very Strong ones in the blue. They had no resemblance, 
however, to any of the lines in planetary light The star 
Castor gives a spectrum exactly like that of Sirius, the 
streak in the green being in tlie very same' place. The 
streaks were a£o seen in me blue, but Fraunhofer could not 
ascertain their place. In the spectrum c^ PoUux there were 
many weak but fixed lines, which looked like those in Venus. 






* Fraunho&r found the very mom lines in moonlight. 
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It had the line D, for example, in the very same place as in 
the light of the planets. In the spectrum of CapeUa the 
lines D and h are seen as in the sun's light The spectrum 
of Belalgeui contains numerous fixed bnes sharply defined, 
and those at D and h are precisely in the same places as in 
sun-light It resemhles the spectrum of Venus. In the spec- 
trum of Procyon Fraunhpfer saw the line D in the orange ; 
but though he observed other lines, yet he could not deter- 
mine their place with any degree of accuracy. In the spec- 
trum of electric light there is a great number of bright lines. 
The ^ctriim from the light of a lamp contains rume of the 
dark fixed lines seen in the spectrum from sun-light; but 
there is in the orange a bright line which is more distinct 
than the rest of the spectrum. It is a double line, and oc- 
curs at the same place where D is found in the solar spec- 
trum. The spectrum from the li^ht of a flame maintainea by 
the blowpipe contains several distmct bright lines.* 

(09.) One of the most important practical results of the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us to take the most accurate measures of tlie 
refractive and disoersive powers of bodies, by measuring 
the distances of tne lines B, C, D, &c Fraunhofer com- 
puted the table of the indices of refraction of different sub- 
stances, mven in the Appendix, Na IIL From the numbers 
in the table here referred to we may compute the ratios of 
the dispersive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On the lllumin<aing PotDer*ofthe Spectrum, 

(70.) Before the time of M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had been given 
only from a rude estimate. By means of a photometer he ob- 
tained the following results : — 

The place of maximum illumination he found to be at M, 
fig, 55., so situated that D M was' about one third or one 
fourth of D E ; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminating power at M, 
where it is a maximum, 100, then the light S other points 
will be as follows : — 



Light at the red extremity - 0*0 

B 3-2 

C 9-4 

D 64-0 

Maximum light at M . 100*0 
Liig^ttttE . . . ^ . 48*0 



Light at F - - . . 17-00 

G - - - - 310 

H - - - - 0-56 

the violet ex- ) q^ 

tremity - - - \ ^t 



♦ 8ee 7Tk« Edinburgh JourMl qfScUiM, No. XV. p. 7. 
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CalHDg the intensity of the light in the brifi^test Bfttcti D £ 
100, Fraunhofer found the light to ha?e the following intensi^ 
in the other spaces : — 

Intensity (flight in BC . M 

CD 29-9 

DE 100-0 



Intensity of HghtmEF 82-6 

FG 18-5 

GH 3-5 



From these results it follows that, in the spectrum exam- 
ined by Fraunhofer, the most luminous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3*5, and 
that the mean ray is almost in the middle of the blue space.; 
As a ^eat part, however, of the violet extremity of the spec- ■ 
trum is not se^i under ordinary circumstances, these results 
cannot be applied to spectra produced under such circum- 
stances. 

On the Heating Power of the Spectrum. 

(71.) It had always been supposed by philosophers that the 
heating power in the spectrum would be proportional to the 
quauti^ of light; and Landriani, Rochon, and Sennebier, 
round tne yeUow to be the warmest of the colored spaces. Dr. 
Herschel, however, proved by a series of experiments that the 
halting power gradually increased Irom the violet to the red 
extremity of the spectrum. He found also that the thermome- 
ter continued to rise when placed beyond the red end of the 
spectrum, where not a single ray of light could be perceived. 

Hence he drew the importimt conchision, that there were 
inoinble rays in the light of the sun, lokieh had the power of 
producing heat, and which had a less degree of r^angibU' 
%ty than red light. Dr. Herschel was desirous of ascertamhiff 
the refhmgibility of the extreme invisible ray which possessed 
the power of heating, but he found this to be impracticable ; 
and he satisfied himself with determining that, at a point 1^ 
inches distant from the extreme red ray, the invisible rays ex- 
erted a considerable heating power, even though the ther- 
mometer was placed at the distance of 52 inches from the 
prism. 

These results were confirmed by Sir Henry Englefield, who 
obtained the following measures : — 

Tcmyentvn. i Tanpantnra. 



Red ... . 72'^ 
Beyond red . . 79 



Blue ... . . 56° 

Green 53 

YeUow .... 62 

When the thermometer was returned from beyond the red 
into the red, it fell again to 729, 
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M. Beraid obftained analogous taieasures ; but he found that 
tiie mazknum of heat was at the very extremity of the red 
rays when the bulb of the thermometer was completely coi^ 
ered fay them, and that beyond the red space the heat was 
on)y one fiHh above that of the ambient air. 

Sir Humphry Davy ascribed Berard^s results to his usinr 
thermometers with circular bulbs, and of too large ar size ; am 
he therefore repeated the eiq>eriments in Italy «^ at Geneva, 
with very slender thermometers, not more tl^ one twelfth of 
an inch m diameter, with very long bulbs filled with air coi^ 
fined by a colored fluid. The result ^ these experiments was 
a confirmation of those of Dr. Herschel.'" 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The follow- 
ing are his results : — 



•vbttwuMttt^rtkm. OUond vwc la Klildi fh* iMt ia 

" ■ maximua. 

Water YeHow. 

Alcohol Yellow. 

Oil of turpentine Ydlow 

Sulphuric acid concentrated • . Orange. 

Solution oi sal-ammoniac • . . Orange. 

Solution of corrosive sublimate . Orange. 

Crown glass Middle of the red. 

Plate gloss Middle of the red. 

Flint glass ........ Beyond the red. 

The observations on alcohol and oil q£ turpentine were 
made by M. Wunsch.t 

On th^ Chemical Influence of the Spectrum. 

C72.) It was long a^ noticed by the celebrated Scheele^ 
that muriate of mver is rendered much blacker liy the violet 
tiian by any of the other rajrs of the spectrum. Li 1801, M. 
Ritter of Jena, while rei>eating the experimente of Dr. Her- 
schel, found that the muriate of silver became verv soon black 
heyond the violet extremity of the spectrunu It became a 
little less blackened in the violet itseU^, still less in the blue, 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was partly restored when placed in the red space, and 
still more in the spajce of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

* See Edinburgh Eneyclopmdia, vol. z. p. 69., Where they were firrt pub* 
Uihed, as communieated to me by Sir Humphry. 

t For the recent observations of Signor Melloni, see Note IV. of Am. sd. 
which follows author's Afq^ndiz. 
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genaiim, ai 

i>xyg&mtiea, M. Ritter also fbuni that ^dtcsfduiFua emitted 
white fiunea in the invisible red ; while in the mvisible violet, 
pboBobotaa in a OMe of oxygenation was instautl]' eztiu- 



which it was held. In. and bejoad the viclet, it w«« ri 
bnnon; in the blve, it was blue or bluUk grey; in theyeUbtov. 
'' — la white, either unchanged or &ii]tlj tinged with yeUcw ; 
ad the red it was red. In priamg of flint j ' 
9 decidedly colored bejood the limits □ 
spectrum. 

Without knowing what had been dime by Ritter, Dr. Woir 
laston obtained the vei; same results reapectiny tlie actico of 
violet light on muriate of silver. -In continain* his experi- 
ments, he discovered some new chemical effects M Ii|^t upon 
Eon gvaiacum. Having diasolved some of this gum in sjco- 
L, and washed a card with the tincture, he ezptwed it in tha 
di^rent colored spaces of the qiectruin without observing 
Kij change of color. He then took a lens 7 inches in diame- 
ter, and av/mg covered the central port c£ it so as to leave 
only a ring <d' one tenth <^ an inch at its circumference, he. 
could oollect the rays of any color in a focus, the fecal die- 
lance being about 24^ inches for -yellow ligbt The card 
watbed wiUi guaiacum was then cut in small pieces^ which. 
weie placed in the different rays concentrated by tiie lens. Ini 
the violet and blue rays it acquired a green color. In the. 
ytlbat no efiect was produced. In the red isys, pieces c£ tha- 
card already made greea lost their green color, and were re> 
Vtored to their original hue. The guaiacum card, when placed 
in carbonic acid gaa, could not be rendered green at any di>-; 
taoce from tbe tens, but waa. speedily reelored from gieen to 
vellow by the red rays. Dr. Wollaston also found that the, 
Wk of a heated Eolver spoon removed the green color aa e£- 
feclnally aa die red rays. 

On the MagTietiaag Power ofth» Solar Baft. 

(73.) Dr.U<mchiBi,mc«ethantweii 
that the violet rays of the solar qte< 
magnetizing BmaU steel needles that 
magnetism. Tbia efiect was produced 
rays in tbe focus of a convex leni^ ai 
ttwae raya &om the middle of one ha 
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extremities of tliat half, withoat toaching the other halfl 
When this operation had heen performed for an hour, the 
needle had acquired perfect polarity. MM. Carpa and Ridolfi 
repeated this experiment with perfect success ; and Dr. Mori* 
chmi magnetized several needles in the presence ci Sir H. 
Davy, Professor Playfiiir, and other English philosophers. M. 
Berard at Montpeller, M. Dhombre Firmas at Alais, and pro- 
fessor Configliachi at Pavia, having fiuled in proving the 
same effects, a doubt was thus cast over the accuracy of pre- 
oediuj^ researches. 

A mw years ago. Dr. MonchinTs experiment was restored 
to credit by some ingenious experiments by Mrs. Somerville. 
Having covered with paper half of a sewing needle, about an 
inch l<Mig, and devoid of magnetism, and exposed the other 
half uncovered to the violet rays, the needle acquired mag- 
netism in about two hours, the exposed end exhibiting norm 
polarity. The indigo rays produced nearly the same effect, 
and the blue anid green produced it in a less degree. When 
the needle was ex^)6ed to the yellow, oran^, r^ or calorific 
rays beyond the red, it did not receive the lightest magetism, 
although the exposures lasted fer three days. I^eces <? clock 
and watch springs gave similar results ; and when the violet 
ray was concentrated with a lens, the needles^ &jc, were 
magnetized in a shorter time. The same effects were pro- 
duced by exposing the needles half covered with paper to the 
sun's rays transmitted through glass colored blue with cobalt 
Green ^ass produced the same effect The lig^t of the sun 
transmitted through' blue and green riband {ntxTuced the same 
e^ct as through colored glass. When the needles thus cov* 
ered had hung a day in the sun's rays behind a pane of glasB^ 
their exposed ends were north poles, as fermerly. 

In repeatmg Mrs. Somerville's experiments, M. Baumgart- 
ner of Vienna discovered that a steel wire, some parts of 
which were pdished, while the rest were witiiout lustre, be- 
came magnetic hj exposure to the white light of the sun ; a 
north pole appeanng at each polished part, and a south pole at 
each unpolished put The effect was hastened by concen- 
tratincf the solar rays upon the steel wire. In this way he ob- 
tainea 8 poles on a wire eig^t inches long. He was not able 
to ma^etize needles perfectly oxidated, or perfectly polished, 
or havmg polished lines in the direction of their lengths. 

About the same time, Mr. Christie of Woolwich found that 
when a magnetized needle, or a needle of copper or glassy vi- 
brated by the force of torsion in the white liffht of the sun, 
the arch of vibration was more rapidly diminished in the sun's 
light than in the shade. The ef^ was greatest on the mag- 
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netized needle. Hence he concludes that the compound sdilr 
ravB possess a rery sensible magnetic influence. 

These results have received a very remarkable confirmation 
from the experiments of M. Barlocci and M. 'ZantedeschL 
Professor Barlocci fi>und that an armed natural loadstone^ 
which could carry 1^ Roman pounds, had its power nearly 
doubled by t>venty-four hours' exposure to the strong light of 
the sun. M. Zantedeschi found that an artificial horse-shoe 
loadstone, which carried 13^ oz., carried 3^ more by three 
days' exposure, and at last supported 31 oz., by continuing it 
in the sun's light He found, that while the strength in- 
creased in oxifkted magnets, it diminished in those which 
were not oxidated, the diminution becoming insensible when 
the loadstone was highly polisiied. He now concentrated the 
solar rays upon the loadstone by means <^ a lens; and he 
found that, both in oxidated and polished magnets, they ac* 
quire strength when their north pole is exposed to the sun'i 
rays, and lose strength when the south pole is exposed. He 
found likewise that the augmentation in the first case ex- 
ceeded the diminution in the second. M. Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
m the sun's light ; and he found that, by exposing the north 
pole of a needle a foot long, the semi-amplitude of the last 
oscillation was 6^ less than the first ; while, by exposing the 
south pole, the last oscillation became greater than the first 
M. Zantedeschi admits that he often encountered inexplicable 
anomalies in these experiments.'*' 

Decisive as these results seem to be in fiivor of the mag- 
netizing power both of violet and white light, yet a series df 
apparently very well conducted experiments have been lately 
published by MM. Riess and Moser,t which cast a doubt over 
the researches of preceding philosophers. In these experi- 
ments, they examined the number of oscillations performed in 
a given time before and after the needle was submitted to the 
influence of the violet rays. A fixsus of violet light concen- 
trated by a lens 1*2 inches in diameter, and 2*3 indies in focal 
length, was made to traverse one half of the needle 200 
times ; and though this experiment was repeated with difier- 
ent needles, at difierent seasons of the year, and difierent 
hours of the day, yet the duration of a given number of oscil- 
lations was almost exactly the same afler as before the experi- 
ment Their attempts to verify the results of Baumgartner 
were equally fruitless ; and they therefore consider themselves 

|-|, , I I - - FT - I H I ■ ■ I - -^^—^^ 
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as entitled to rej^ci Malhf a di$cc9er^ which for seventeen 
yean has at different times disturbed science. *^The small 
vtmtioDs,'' they obeerve, ** which are found in Bome of our 
experiments, cannot constitute a real action of the nature of 
that which was observed by MM. Morichini, Baumgartner, 
^Oi in 80 clear and decided a manner.** 



CHAP. XL 

ON THS INFLEXION 0& DIFnULCnON OF LIGHT. 

(74) H^yiNo thus described the changes ^duch light expe- 
riences when refracted by the soriaces of transparent bodies^ 
and the properties which it exhibits when thus decomposed 
into its elements, we shall now proceed to consider the phe- 
nomena which it presents when passing near the edges of 
bodies.. This branch of optics is called the inflexion or the 
diffraction of light 

This carious property of light was first described by Gri- 
maldi m 1665, and aflerwaids hy Newton ; but it is to the late 
M. Freanel that we are indebted for a most successful and able 
investigation of the {^enomena. 

In order to observe the action of bodies upon the light 
which passes near them, let a lens L L, of venr short focus^ 
fig. 56., be fixed in the window-flhutter, M N, of a dark room ; 




and let R L L be a beam of the sun*s lieht, transmitted through 
the lens. This light will be collected into a focus at F, finmn 
which it will diverge in lines FC, FD, forming a circular 
ima^e of light on uie op];)osite walL If a small hole, about 
the fortieth of an inch in diamet^, had been fixed in the win- 
dow-«hutter in place of the lens, nearly the same divergent 
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beam of H^st would hay€ been obtained. The Bbadowa of all 
bodies whatever held in this light will be found to be sur- 
rounded with three fringes of w foUowing coLon, reckoning 
&om the shadow: — 

First fringe, — Videt, indigo, pale blue, green, yellow, red. 

Second frtnge* — ^Blue, yellow, red. 

Third fringe. — ^Pale Uue, pale yellow, pale red. 

In order to examine these firinges, we may either receive 
them on a smooth white surface as Newtcm did, or adopt the 
method o£ Fresnel, who looked at them with a magnifying 

tlass, in the same manner as if they had been an image 
»rmed by a lens. This last method is decidedly the best, as 
it enables the observer to measi^e the fringes, and ascertain 
the changes which they undergo under different circuoH 
stance& 

Let a body B be now placed at the distance B F from the 
focus, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the following phenomena 
will be observed :— 

L Whatever be the nature of the body B with regard to its 
density or refractive power, whether it is platina or the pith 
or a rush, whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in cokn*, and tiie colors will be those given above. 

2. If the light R L is homogeneous light of the difierent 
colors in the spectrum, the fringes will te of the same color 
as the li^ht'RL; and they wSl be broadest in red light, 
smallest m viokt^ and of intermediate sizes in the interme- 
diate colors. 

3. The bocty B continuing fixed, let us either brin^ the 
screen CD nearer to B, or bring the lens with whi(£ we 
view the frin^ nearer to B, so as to see them at different 
distances behmd R It will be found that they grow less and 
less as they approach the edge of B, firom wluch they take 
their rise. But if we measure the distances of any one fringe 
firom the shadow at different distances behind B, we diall find 
that the line joining the same point of the fringe is not a 
straight line, but a hyperbola whose vertex is at uie edge of 
the £)dy ; so that tbe samefirmge is not formed by the same 
light at all distances firom the body, but resembles a caustic 
curve formed by the intersection of differwit rays. This cu- 
rious fact we have endeavored to represent in the figure by 
the hyperbolic curves joining the edge of the body B and the 
fiinges which are shown by dotted line& 

4. Hitherto we have sui^x)sed that B has been held at the 
sime distance from F; bi:^ let it now be brought to b, much 
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nearer F, and let the screen G D be brougiit t6 cd, bo that 
bg IB equal BG. In tfaia new position, where nothing has 
been changed but the distance from F, the fringes will be 
fimnd greatly increased in breadth, their relative distances 
from each other and from the margin of the shadow remain- 
ing the same. The influence of distance from the radiant 
pomt F on the size of the fringes, or on the quantity of 
mflezion, is shown in t|ie fdlowmg results obtained by M. 
Fresnel : — 



FB 



OtatMc* or tiM iaflectlBg 
bodr B beUad tkm i 
Mmnt poJBt F. 



4 ioche& 
20 feet 



DUUaca BO athg beklnd the 
bo(tr B or ft> wkera Um i»- 
dexloa WM mewored. 



39 inches. 
39 



laOazloa of the nd r^ya 
of Um flnt Mate. 



12' 6" 
3 55 



When we consider that the fringes are largest in red, and 
smallest in violet li^ht, it is easy to understand the cause 
of their colors in white light; fi)r the colors seen in this case 
arise from the superposition of fringes of all the seven colors ; 
that is, if the eye could receive all the seven differently color- 
ed fringes at once, these colors would form by tlieir mixture 
the actual colors in the fringes seen by white light Hence 
we see why the color of me first fringe is violet near the 
shadow, and red at a greater distance j- and why the blending 
of the colors beyond the third fringe forms white light, in- 
stead of exhibiting themselves in separate tints. 

Upon measuring the proportioned l^eadths of the fringes 
witli great care, Newton found that they were as iJie num- 
bers 1, 5/^ 5/^ <v/i{, and their IntervaLs in the same pro- 
portion. 

Besides the external fringes which surround all bodies, 
Grimaldi discovered within the shadows of long and narrow 
bodies a number of parallel streaks or fringes alternately light 
and dark. Their number grew smaller as tiie bo^ tapered ; 
and Dr. Young remarked that the central line was always 
white, so that there must always be an odd number oi white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect- 
angular, what are called the crested fringes (£ Grimaldi are 
proluced. 

The phenomena exhibited by substituting apertures of 
various forms in place of the body B are very interesting. 
When the aperture is circular, such as that formed in a piece 
of lead with a small pin, and when a lens is placed behu^ it 
so as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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«nd dilate, and change their tints in the most heaatifal man^- 
ner. When the aperture is one thirtieth of an inch, its di9* 
tance F F from the luminous point 6 feet 6 inches, and its 
distance from the fecus of the eye-lens, or B G, 24 inches^ 
the following series of rings was observed :— 

1st order. White, pale yellow, yellow, orange, dull red. 

2d order. Violet, blue, whitish, greenish yellow, yellow, 
bright orange. 

Sd order. Purple, indigo blue, greenish blue, bright green, 
yellow green, red. 

4th onler. Bluish green, bluish white, red. 

5th order. Dull green, faint bluish white, &int red. 

6th order. Very feint green, very faint ried. 

7th order. A trace of green and red. 

When the aperture B is brought nearer to the eye-lens 
whose focus is supposed to be at G, th6 central white spot 
g^ws less and less till it vanishes, the rings gradually closing 
m upon it, and the centre assuming in succession the most 
brilliant tints. The following^ were the tints observed by 
Mr. Herschel ; the distance between the radiant point F and 
the focus G of the eye-lens remaining constant, and the 
aperture, supposed to be at B, being graikuilly brought nearer 
toG:— 



THaUace 
at ap«r- 
tnreB 
fram ttte 
«7«-leiM. 



2? 111. 
18 ' 

13-5 

10 
9-25 
910 
8-75 
8-36 
800 
7-75 
700 
6-63 
6O0 
6-85 
5-50 
5-00 
4-75 
4-50 
4-00 
385 
350 



Color of the Ccntnl ipot. 



White. 
White. 

Yellow. 

Intense orange. 
Deep orange red. 
Brilliant blood red. 
Deep erimscm red. 
Deep purple. 
Very sombre violet. 
Intense indigo blue. 
Pure deep uue. 
Sky blue. 
Bluish white. 
Very pale blue. 
Greenish white. 
Yellow. 
Orange yellow. 
Scailet 
Red. 
Blue. 
Dark blue. 



Chancter of tbo rins* which Mzroaad 
Out taaHtti BfOt. 



Rings as described above. 

First two rings confused. Red of 3d, and 

green of 4th order, splendid. 
Inner rings diluted. Red and green €€ 

the outer rings sood. 
All the rings much diluted. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
A broad yellow ring. 
A pale yellow ring. 
A rich yellow. 

A ring of orange, with a sombre space. 
Orange red, with a pale yellow space. 
A crimson red ring. 
Purple, with orange yellow. 
Blue, orange. 
Bright blue, orange ied, pale yellow, white. 
Pale yellow, violet, pale yellow, white. 
White, indigo, dull orance, white. 
White, yellow, blue, dull red. 
Orange, light blue, violet, dull orange. 



na 
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When tt<?o jsmall apertures are used instead of one, and the 
rings examined hy me eye-lens as before, two systems of 
rings will be seen, one round each centre ; but, besides the 
rings, there is another set of fringes which, when the aper- 
tures are equal, are parallel rectilineal fringes equidistant 
from the two centres, and perpendicular to the line joining 
these centres. Two other sets of parallel rectilineal fringes 
diverge in the form of a St. Andrew's cross from the middle 
pomt l)etween the two centres, and forming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two systems of rings are unequal, and the first 
mt (^ paralld fringes become hyperbolas, concave towards 
the smaller system of rings, and having the apertiure in their 
common focus.* 

The finest experiments on this subject are those of Fraun- 
hofer; but a proper view of them would reqmre more space 
than we can spare.t 



CHAP. XIL 

ON THE COLORS OF THIN PLATES. 

(75.) When light is either reflected from the sur&ces of 
transparent bodies, or transmitted throu£fh portions of them 
with parallel sur&ces, it is invariably white, for all the diA 
ferent thicknesses of such bodies as we are in the habit of 
seeing. The thinnest fihns of blown glass, and the thinnest 
films of mica generally met with, will both reflect and trans- 
mit white light If we diminish, however, the thickness of 
these two bodies to a certain degree, we shall find that, in- 
stead of giving white light by reflexion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in Mow- 
ing glass so thin as to show the same tinta Lord Brereton 
lu3 observed the colors of the thin oxidated films which the 
action of the weather produces upon glass ; and Dr. Hooke 
obtained films so equally thin that they exhibited over their 
whole surface the same brilliant color. Such pieces of mica 
may be produced at the edges of plates quickly detachfed 
from a mass; but they may be more readily obtained by 

^ '■ ■' ll < III ' !■ 

♦ Herschel*8 Treatise on Lights § 735. 

X flee Edinhtrgh Encyclopmdia, art. Optics, Vol. XV., p. 556. 
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sticking one side of a plate c^ mica to a piece of sealing-wax, 
and tearing it away with a sudden jerk. Some extremely 
thin films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If we could produce a 
film of mica with only one tenth part of the thickness of that 
'Which produces a bright blue color, this film would reflect no 
light at all, and would appear black if viewed by reflexion against 
a black body. But though no such film has ever been obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on (me occasion produced solid fibres 
as thin, and actually incapable of reflecting light This very 
remarkable fact occurred in a crystal of quartz of a smoky 
color, which was broken in two. The two sur&ces of firacture 
were absolutely black; and the blackness appeared, at first 
sight, to be owmg to a thin film of opaque matter which had 
insinuated itself into the crevice. This opinion, however, 
was untenable, as every part of the sur&ce was black, and the 
two halves c^ the crystals could not have stuck together had 
the crevice extended across the whole section. Upon examine 
ing this specimen with care, I found that the sur&ce was per- 
fectly transparent by transmitted light, and that the blackness 
of the sur&ces arose &om their being entirely composed of a 
fine down of quartz, or of short and slender filaments, whose 
diameter was so exceedingly small that they were incapable 
of reflecting a single ray of the strongest light The diameter 
of these fibres was so small, that, firom prmciples which we 
shall presently explain, they could not exceed the one third 
of the milliontii psirt of an inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon.* I have 
another small specimen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
found which shall exhibit a fine down of difierent colors de- 
pending on their size. 

The colors thus produced l^y thinness, and hence called the 
cohrs of thin plates, are best observed in fluid bodies of a 
viscous nature. If we blow a soap-bubble, and cover it with 
a clear glass to protect it firom cun*ents of air, we shall ob- 
serve, aSer it has grown thin by standing a little, a great 
many concentric colored rings round the top of it The cdor 
in the centre of the rings will vary with the thickness; but 
as the bubble grows thinner the rinffs will dilate, the central 
spot will become white, then bluish, and then black, after 
which the bubble will burst, from its extreme thinness at the 

pJace of the black spot The same change of color with the 

-i_ -- ■ -I — t 

* See Edinburgh Journal qf Science, No. I., p. 108. 
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thidoieaf may be seen by placing^ a thick film of an ey^iont* 
Ue fluid opoQ a clean plate of glass, and watching the effects 
of the diminution of thickness which take {dace in the course 
of evaporation. 

The method used by Sir Isaac Newton for producing a thin 
pkte of air, the cokaa of which he intended to investigate, is 
shown in Jig, &7^ wl^re L L b a plano-coiiTex lens, the 

#1/. S7, 




radius of whose convex surface is 14 feet, and li a double 
convex lens, whose convex surfaces have a radius of 50 feet 
each. The plane side of the lens L L was placed downwards, 
so as to rest upon one of the sur&ces of the lens I L These 
lenses obviously touch at their middle points; and if the 
upper one is slowly pressed against the under one, there will 
be seen round the point of contact a system of circular color- 
ed rings, extending wider and wider as the pressure is in- 
creased. In order to examine these rings under different 
degrees of pressure, and when the lenses L L, i / are at 
different distances, three clamp-screws, p,p,p, should be em- 
ployed, as i^wn in Jig. 58., by turning which we may pro- 
duce a regular and equal pressure at the point of contact. 

When we look at these rings throng the upper lens, so as 
to see those formed by the light reflected from the plate of air 
1:^^.58. between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
T the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and'more diluted in 
the others, till they almost entirely dis- 
appear in the seventh spectrum. 
"When we view the plate of air by looking through the un- 
der lens 1 1 from below, we observe another set of rings or 
spectra formed in the transmitted light Only ^ve oi these 
transmitted rings are distinctly seen, and their coIots, as ob- 
served by Newton, are given in the third column of the fol- 
lowing table ; but they are much more &int than those seen 
by renexion. By comparing[ the colors seen by reflexiiHi with 
mooe seen by transmission, it will be observed ^t the color 
transmitted is always complementary to the one reflected, or 
which, when mixed with it, would make white li^t 
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Table of the Colors of Thin Plmtea of Air, Water, and Glaee, 



rOfderad 
Colony nekoned 
frnm thecaatn. 



FlEST 

Spectrum 
or order 
of Colors. 



Colon ptodvead at tba tUel 
to tha iMt tkcaa 



SECoin> 

Spectrum 
or order 
of Colors. 



V 



Third 

Spectrum 
or order 
of Colors. 



FoiTRTH 

Spectrum 
or order 
cf Colors. 



Mt/Ue$td. 

Very black 
Black 
Beginning 
of bkck 
Blue 
White 
Yellow 
Orange 
Red 



Futh 

Spectrum 
or order 
of Colors. 

Sixth 

Spectrum 
or order 
of Colors. 

Seventh C 
Spectrum I 
or order 1 
of Colors. \ 



\ 



Twiet 

Indigo 

Blue 

Green 

Yellow 

Oranore 

Bright red 

Scarlet 



Trmiumi$t»4. 



White 



Yellowidi red 

Black 

Violet 

« M • a 

Blue 
WEite 

«> ■■ IB IB 

Yellow 

Red 

Violet 

Blue 



orniaeh. 



Air. 



1 



I 

9 



12| 
14 

16l 

m 

19| 



WSarT 



Olaaa. 



10 



^ 



It 



3l 



94 

111 

^^ 
13 



Purple 

Indigo 

Blue 

Green 

Yellow 

Red 

Bluish red 



Green 

Yellow 
Red 

V M M a 

Bluish green 



21 

22A 
23| 

254 

27| 

29 

32 



15J 

18tV 
20i 

2l| 

>24 



7J 

I* 

lo; 
111 

Hi 



iff 

15tV 
16| 

isl 

B0§ 



Bluish green 
Green 

Yellowish > 
green J 
Red - 



Red 



Bluish green 



134 
35? 

36 

40^ 



Greenish 

blue 
Red 



Red 



25^ 
26| 

27 

30J 



22 
22f 

23f 

26 



46 
52i 



34J 
39| 



Greenish 

blue 
Red 



68J 
65 



Greenish 

blue 
Ruddy 
white 



71 

77 



44 

48f 



29f 
34 



38 
42 



53J 

57f 



45} 
491 
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H A TUATm on optics. past u* 

Tba fnce&ng cokm ve Unse wbich am sMh when li^t 
n reOeoted aad tmwniueai nearlv perpeDdicnlarl; ; bat Sir 
Ib>c Newton fbuDd that when tne ligM was reflected and 
tnoBnitted obliquely, the rings incieusd in size, the sarns 
color requinng a greater thickoeaa to [Hodnce it The color 
cf aof nli^ ther^re, will descend to a color lower in, or 
nearer the begimiiiig of, the Ecaie, when it is seen obliquely. 

Such are the general phenomena of the colored rings wh«D 
a(ea by wAife lighL When we place the lenses in homi^e- 
neous l^ht. or make the different colors of the solar spectrum 
posB m succession over the lenses, the rings, which are always 
of the same color as the light, will be fbiuid to be largest in 
red tigtit, and to cmtract gradnally as they are seen in all tha 
. wccMding colore, till they reich their Bmallest size in the 
violet nys. Upon measuring their diameters, Newton found 
them to have the following ratio in the different colors at (heir 
boundaries : — 

Since white light is composed of all the preceding colors, the 
rings seen by it will consist of all the seven diflerentljr coll- 
ed systems of rings superposed as it were, and forming, by 
their untm, the different colors in the IVble. In order to 
explain this, we have constructed the annexed dngmn, fig, 
6(L, (n the supposition that each ring oi^ spectrum has tEs 
Fif.Sa. 



mme breadth in homogeneous light which it actually has 
when it is formed between surfices nearly flat, or when 
the thickness of the plate varies with the distance ftom the 
point at contact.* Let us then suppoee that we form soch a 



* nit MKKMltloa IB mi 
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tnrstem of nagB with die seven cokHn of the spectmm, and 
mat a sector is cut out of each ^rstem, uid phiced, as in the 
, figure, round the same centre C. Let the angle of the red 
sector be 60°^ of the orange 30°» the yellow 4/0^, the greeo 
60O, the blue 60°, the indigo 40^^, and the violet 80^ beinff 
360° in all, so as to complete the circle. From the centre C 
set off the first, second, and third rings in all the sectors, witk 
radii corresponding to the valnes in the preceding smlll 
TaUe. Thus, since the proportional diameters of the ea> 
treme red and the extreme orange are 1 and 0-924, the mid- 
dle of the red wM be in the midifle between these numbers, 
or 0-962 ; and consequently the proportional diameter, or the 
radius ci the first red ring for th^ middle of the red space R, 
will be 0*962. In like manner, the radius &r the orange will 
be 0-904, for the yellow 0-855, for the green 0-794, for the 
blue 0-737, for the indim) 0*696, and for the violet 0*655. JLet 
the red rings be colored red as they appear in the experiment, 
tiie orange rings orange, and so on, each color resembling that 
of the spectrum as n^iiy as possible. If we now suppose all 
these colored sectors to revolve rapidly round C as a centre, 
the efiect of them aU, thus mixed, should be the production of 
the colored rings as seen by white light As the diameter of 
each ring varies from the beginning of the red space to the 
end of i^ and so on with all the colors, the portion of the 
ring in each sector should be part of a spiral, and all these 
separate parts should unite in forming a single spiral, the red 
forming die commencement, and the violet me termination of 
the sj)iral for each ring. 

This diagram enisles us to ascertain the ccnnposition of any 
of the ringp seen iu white light Let it be required, for ex- 
ample, to determine the ccAot of the ring at the distance C m 
from the centre, m being in the middle (3'the second red ri^g. 
Round C as a centre, am with the radius C m, describe a cir- 
cle, m nop, and it will be seen from the different colors 
through wmch it passes what is its composition. It passes 
nearly through the very brightest^ part of die second red ring, 
at m, and Sirough a prettv bright part of the orange. It 
passes nearly through the bright part of the yellow, at n; 
through the brightest part of the green ; through a less bright 
part of the blue ; through a dark part of the indigo, at p ; 
and through the darkest part -of the third violet ring. If we 
knew the exact law according to which the brightness of any 
firinge varied &om its darkest to its brightest point, it would 
thus be ea£fy to ascertain with accuracy the number of ray« 
^ — — ■ • • ' 

* In the figure, the brigbtstt part u the moit shaded. * 
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of ewch ecAar which entered into tiie compositioii of any ci 
the rings seen by white light 

In order to determine the thickness of the plate of air by 
which each color was produced, Newton found the squares of 
ihe diameters of the brightest parts of each to be in the 
arithmetical progression of the odd numbers, 1, 3, 5, X 9, &c., 
and the squares of the diameters ci the obscurest parts in the 
arithmettced progression of the even numbers, 2, 4, 6, 8, 10 ; 
and as one of the glasees was plane, and th& other spherical, 
their intervals at these rings must be in the same progression. 
He then measured the diameter of the fifth dark ring, and 
found that the thickness of the air at the darkest part of the 
FIRST dark ring, made by perpendicular rays, was the ^.^ 
part of an inch. He then multiplied this number by the pro- 
gression 1, 3, 5, 7, 9, &c, and 2, 4, 6, 8, 10, and obtained the 
ndlowing results : — 



ThkkMM of the air at U« TUrkiMi of »be air at tb* 

■aoat IniaUoaa part. atmt okaeara part. 



First Rmg - - - Tniwrv ' ' ' TniiiPFV <>' nUi 

Second Rmg - - - tttW " " - rnwiy 

Third Ring - - - y^iW " - - TnSmn 

Fourth Ring - - - rreljnn ' ' ' rriinnr 

When Newton admitted water between the lenses, he 
found the colors to become fiiinter, and the rings smaller; 
and upon measuring the thicknesses of water at which the 
same rings were protuced, he found them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as 1*000 to 1*336. From these data he 
was enabled to compute the three last columns of the Table 
given in psjge 93, which show the thicknesses in millionth 
parts of an inch at which the colors are produced in plates of 
air, water, and glass. These columns are of extensive use, 
and may be regarded as presenting us with a micrometer for 
measuring minute thicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about jT^|,|^r^th of an inch, which corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numbers, a dark and a colored ring succeeding each 
other to a considerable distance from the point of contact 
In this case, however, when the rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that the outer rings crowd upon one another, and 
•ease to beccMne visible from this cause. This ef^t would 
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obviously not be produced if they were formed by a k^ film 
whose thickness iraried by slow grsdations. Upon this prin- 
ciple, Mr. Talbot has pointed out a very beautiitil method of 
exhibiting these rings with i^tes of glass and other sub- 
stances even of a tai^ble thickness. IT we blow a glass ball 
80 thin that it bursts,* and hold any of the fragments in the 
lig^t of a spirit lamp with a salted wick,* or in tho light of 
any of the monochromatic lamps which I have elsewhere de- 
scribed, all of which discharse a pure homogeneous yellow 
li^t, the surface of these nbns will be seen covered with 
fnnges alternately yellow and black, each fringe ma^rking out 
by its windings the lines of eaual thickness in the glass fiha. 
Where the tMcJmess varies slowly, the frinjofes will be broad 
and easily seen; but where the variation takes place rapidly, 
the fringes are crowded together, so as to require a micrO'. 
scope to reader them visible. If we suppose any of the films 
of glass to be only ^e thousandth part of an inch thick, the 
rings which it exhibits will belcmg to the 89th order ; and if 
a lurge rough plate of this glass could be got with its thick- 
Bees descei^ing to the millionth part of an mch by dow gr»- 
datiops, the w£ile of those 89 rings, and ptotnldy many more, 
would be distinctly visible to the eye. In order to produce 
such efifects, the light would require to be perfectly homoge- 
fieooB. 

The rin^ seen between the two lenses are equally visible 
whether air or any other gas is used, and even when there is 
DO gas at all ; for the rings are visible in the exhausted re- 
ceiver c^ an air-pump. 



CHAP. xm. 

ON THS COLOBS OF TmCK PLiLTES. 

(76.) Thb colors of thick plates vrere first observed wad 
described by Sir Isaac Newton, as produced by concave glass 
mirrors. Admitting a beam of solar lig^t, R, into a daric 
room, through an aperture a quarter of an inch in diameter 
formed in the window-shutter M N, he allowed it to Ml upon 
a glass mirror, A B, a quarter of an inch thick, quicksilvered 
behind, having its axis in the direction R r, and the radius of 
the curvature df b(M^ its surQices being equal to its distance 
behind the aperture. When a sheet of paper was fdaced on 
the window-shutter M N, with a hole in it to allow the sun^ 

* Films of mica answer tta^ purpose still better. 
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bettn to pavm he obB^rved the hole to be ranoonded with 
Jmtr or Jm colored rings, with sooietiinea traces of ft sixth 




and seventh. When the paper was held at a greater or ft less 
distance than the centre of its concavity, the rii^ became 
more dilute, and gradually vanished. The cokns of the rinp 
eucceeded one another like those in the transmitted system m 
thin i^tes, as ^ven in column dd of the Table in page dS. 
When the light R was red the rings were red, and so on with 
the otiier colors, the rinffs being krgest in rid and fimallest 
in violet light Their diameters preserved the same pn^uf- 
tion as those seen between the object glasses ; the squares ef 
the diameters of the most luminous parts (in homogeneous 
light) being as the numbers 0, 2, 4, 6, &c, and the s^iaies of 
the diameters <^ the darkest parts as the intermediate mm- 
bers 1, S, 5, 7, &^ With mirrors of greater thickness the 
rings grew less, and their diameters varied inversely as the 

auare roots of the thickness of the mirror. When the quick- 
iver was removed, the rings became fainter ; and when the 
back sur&ce of the mirror was covered with ft mass of oil of 
turpentine, ^ey disappeared altcgether. These &cts clearly 
prove that the posterior sur&ce of the mirror concurs with the 
anterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam R r, 
the rings grow larger and larger as the inclination increases^ 
and so also does the white round spot ; and new rings <^ color 
emer^ successively out of their common centre, and the 
white ^ot becomes a white ring accompanying them, and thjS 
incident and reflected beams always fall upon the cmposita 
parts of tins white ring, illmninating its pcnrimeter like two 
mock suns in the opposite parts of an in& The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the sur- 
&ce of the mirror when it was covered with gauze or muslin, 
cr with a skin of dried skimmed milk; and Sir W. Herschel 
Botieed analogous i^nomena whm he scattered hairopowdeu 
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in tbe tur before a cancave mirror on which a beam of light 
•ma incideDt, and receiyed the reflected light on a. screen. 
(77.) The method which 1 have fbmtd to be tbe roost siro- 

e! fi» exhibiting these colors, is to place the ejre immediately 
hind a small name trotn a minate wick ted with oil or wax; 
•0 that we can examine them even at a perpendicular inci- 
dmce. The colors of thick plates may he seen even with ■ 
comnKA candle held before the eye at tbe distance of 10 « 
12 feet frmn a conunon pane of crown ^laa in a window that 
has accumulated a little fine dust upon its snr&ce, iv that haa 
on ilB mrftce a fine depoeitioD of moisture. Under these 
circnnisbuices they are very Inght, though Ihej may be aeen 
^en when the pone of ^ass ia clean. 

Tbe ctdora of thick plates may, however, be beet dirolsyed, 
and tiieir theory best studied, by 11011; two nlatea at rlaa of 
equal thickness. The phenomena thos proeuced, and which 
presented themselves to me in 1817, are niffhly beaudftil, and, 
M Ifr. Herschel has shown, are adntiiaUj fitted ftr illn*- 
' Mine the laws of this class of phenomena. In order to ob- 
tain [Wtes of exactly the same Aickneas, I formed out «f the 
■ame mece of parallel glass two plates, A B, C D^ and having 
ptaeed between them two pieces of soft wax, I pressed them 
to the distance of about one tenth 
"'■ of an inch Irom each other ; and hy 

pressing above cme piecri of wax 
more ^an another, 1 was able to 
give tbe two plates any small incli< 
nation I choee. Let A B, C D then 
be a section of the two plates, thns 
inclined, at right an^es to the com- 
' mon eectiim of their surftces^ and 
let R S be a ray of li^t incident 
nearly in a vertical directioti and 
proceeding from a candle, or, what 
IS better, from a circular disc of 
condensed li^ subtending an an- 

SB of 2° or 30. If we place the eye behind die plates, whea 
ey are paialtel we slmll see only an image of the circular 
disc ; but when they are inclined, as in the figure, we dtall 
observe in the direction V R several reflected images in a 
row besides the direct image. The first or the teiditest of 
these will be seen cnwed with fifteen or sixteen beantiM 
fiinres or bands of color. The three cental ones consist of 
bladidi or whitirii stripes ; and the exterior ones of Imlliant 
hands of red and green light. The direction of these handa 
b always paiaHef to the canrntm aociwa of the inclined 
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plates. These colored bands increase in breadth by diminish- 
ing the inclination of the plat^ and dimini^ by increasing 
their inclination. When the light of the luminous circular 
object falls oblicjuely on the first plate, so that the plane of in- 
eidence is at nght angles to the section of the plates, the 
fringes are not distincUy visible across any of the images; 
hut their distinctness is a maximum when the phme of inci^ 
dence is parallel to that section. The reflected images of 
course become oiore bright, and the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of inci- 
dence increases from 0^ to 90^, the images that have suffered 
the jgfreatest number of reflexions are crossed by other frixiges 
inclmed to them at a small angle. If we conceal the bright 
light of the first init^ so as to perceive the image formed by 
a second reflexion within the first plate, and if we view the 
imaffe through a small aperture,, we shall observe colored 
banids across the first imiu^ far surpassing in precision of 
outline and riclmess of coloring any analogous phenomenon. 
When these fringes are a^i^ concealed, others are seen on 
the image immemately behind diem, and formed by a third 
reflexion finom the interior of the first plate. 

If we bring the plate C D a little frjther to the riffht haod^ 
and make the ray R S fidl first upon the plate C D, and be 
afterwards reflected back upon the first plate A B, from both 
the surfiices of C D, the same colored bands will be seen. 
The progress of the rays through the two plates is shown in 
the figure. 

When the two plates have the form of concave and convex 
lenses, and are combined, as in the double and triple achro- 
matic object glass, a series of the most splendid systems of 
lings are developed; and these are sometimes crossed by 
others q£ a different kind. I have not yet had leisure to pub- 
liidi an account of the numerous observations I have made on 
this curious class of phenomena. 

In viewing films of blown ^lass in homogeneous yellow 
light, and oven in common day-light, Mr. Tal&t has observed 
t^t when two films are i^ced together, bright and obscure 
fringes, or colored fringes of an irregular fi>im, are produced 
between them, though exhibited by neither of them separately. 
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CHAP. XIV. 

OH THE CX>L0R8 OF FIBRES AND OROOYED SURFAOBL 

(78.) When we look at a candle or any other luminous bo<!^ 
througk a plate of glass covered with vapor or with dust in a 
finely divided state, it is surrounded with a corona or ring of 
colors, liire a halo round ^e sun or moon. These rinj^ increassf 
as the size of the particles which produce them is diminished: 
and their hrilliancy and number depend on the uniform size or 
l^ese paitioles. Minute fibres, such as those of silk and wool* 
produce the same series of rings, which increase as the diameter 
of the fibres is less; and hence Dr. Young proposed an in- 
Sitrument called an erwrnUert fx measuring the diameters of 
minute paiticles and fibres, by ascertaining the diameter of 
any one of the series of rings which they produce. For this 
l»urpose, he selected the limit of the first red and OTeen ring 
as the one to be measured. The eriometer is &med of a 
piece of card or a plate of brass, having an aperture itbout the 
fiftieth oi an inch in diameter in the centre of a ciicle about 
half an inch in diameter^ and perferated with about eight 
amtdl hcAea, The fibres or particles to be measured are fiz€4' 
in a slider, and the eriometer being placed befi>re a stroi^ 
Mght^ and the eye assisted by a lens applied behmd the smafi 
bdicj the rings of colors will be seen. The slider must then 
be drawn out or pui^ed in tiU the limit of the red and |^reen 
Finr coincides with the circle (/ perfiHrations, and the mdez 
will tli^n show on the scale the size of the particles or fibres. 
The seed o^ the hfcoperdmt bomtta was found by Dr. Wd- 
laston to be the 8500dth part of an inch in diameter ; and as 
tius substance gave rings whidi indicatedS4 on the scale, it 
fiJiowS that 1 on the same scale was the 297o0th part of an 
mch, or the dO^OOOdth part The fi^wingTable contains 
some of Dr. Young's measurements^ in thirty-thousandths of 
an inch : — 



Milk diluted indistinct . • 3 
Dost of lyeoperdom bmnsim 3| 
Bollock's bbod . . . . 4| 
Smut of barley . • . .61 
Blood of a mare . . . . 6^ 
Human blood diluted with 
water ....... 6 

Pus « . 7^ 

Silk 13 

Beaver*s. wo«l .... 13 
Mole*8 fur . • • . .16 



Shawl wool ...... 19 

Saxon wool ...... 23 

Licneza wool 25 

Alpaicca wool ..... 26 

Farina of Umrwtinut . . 26 

Ryeland Merino wool . . 27 

Merino South Down . . 28 

Seed of lyeopodiam ... 32- 

South ]>own ewe . . . . 39 

Coarse wool ..... 46 

Ditto fit>m some worsted . GO 
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(7d.> By observing the colon produced by reflexioQ fiom 
the fibres which compose the crystaUine lenses of the eyes of 
fishes and other animals, I have been able to trace these fibres 
to their orifirin, and to determine the number of poles or sg»ta 
to whkh they are related. The same mode of observation, 
and the measurement of the distance of the first colored 
image from the white image, has enahted me to determine the 
diameters of the fibres, and to inrove that they all taper like 
needles, iiFiy>ini«hipg gradually nom the equat(»r to the poles, 
of the lens, so as to allow them to pack into a 8|iheiical su- 
perficies as they converge to their poles or points of origin. 
These coLcnred images, produced by the fibres of the lens, lie 
in a line peipendicukr to the direction of the fibres, and hy 
taking an impression on wax from an indurated lens the colors 
are commumcated to the wajc In several lenses I observed 
colored images at a great distance firom the common image, 
hut lyin^ in a direction coincident with that c^ the fibres ; and 
from this I inferred, that the fibres were crossed hy joints or 
lines, whose distance was so small as the ll,000dth part of an 
inch ; and I have lately Ibund, by the use of very powerfiil 
microscopes, that each fibre has m this case teeth bke those 
of t rack, of extreme minuteness, the colors being jucoduced 
hy the lines which form the sides c^ each tooth. 

(60.) In the same class oi phencHnena we must rank the 

grincipal colors of mother-(^-pearL This substance, obtained 
om the shell of the pearl oyster, has been long emplc^^ed in 
the arts, and the fine juay of its colors is therefore well loiown* 
In order to obserye its colors, take a plate of resularly f(»med 
mother-of-pearl, with its surfoc^ nearlv paraUel, and grind 
these surraces upon a hone or upon a {uate of glass with the 
powder of schistus, till the image of a candle reflected firom 
the surfiices is of a dull reddish-white c<^or. If we now place 
the eye near the plate, and look at this reflected image, C, we 




M 






shall see on one side of it a prismatic image, A, flowing with 
aU the colors of the rainbow, and forming indeed a speetrum 
of the candle as distinct as if it had been formed by an equi- 
lateral prism of flint gl&ss. The hlue side of this image is 
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next the image C, and the distance of the red part of th« 
image is in one specimen 7^ 22' ; hut this angle varies even 
in the same specimen. Up(Hi first looking into the motber-o^ 
pearl, the image A may be above or below C, or on any side 
of it ; but, by turning the specimen round, it may be brought 
either to the hght or left hand of C. The distance A € is 
smallest when £e light of the candle fidls nearly perpen- 
dicular on the surface, and increases as the inclinatum of the 
incident ray is increased. In one specimen it was 2^ 7' at 
nearly a perpendicular incidence, and 0^ 14' at a very great 
obliquity. 

On the outside of tiie image A there is invariably seen a 
mass, M, cf colored li^ht, whose distance M C is nearly double 
AC. These three images are always nearly in a straight 
line, but the angular diiSance of M varies with the angle of 
incidence according to a law different from that of A. At 
great angles of incidence the nebulous mass is otn. beautifhl 
crimson color ; at an angle of about 37^ it becomes green ; 
and nearer the perpendicular it becomes yeUowi^- white, and 
very luminous. 

u we now jpoiish the surfiu^e of the mother-of-pearl, the 
ordinary image C will become l)righter and quite white, but a 
$econd primuUic image, B, toill start ujf onthe other side of 
C, and at the same distance from it. 

This second image has in all other respects the same pro- 
perties as the first Its brightness increases with the polish 
of the surface, till it is nearly equal to that of A, the lustre^ 
of which is slightly impaired by polishing. This second 
image is never accompanied, like the first, with a nebuloufl 
mass M. If we remove the polish, the image B vanishes, and 
A resumes its brilliancy. The lustre of the nebulous mass M' 
is improved by polishing. 

If we repeat these experiments on the opposite side of the' 

rimen, the very same phenomena will be observed, with 
difference only, that the images A and M are oa the op- 
posite nde of C. 

In looking through the mother*of-pearl, when ground ex* 
tremely thin, nearly the same phenomena will be observed. 
The ccMors and the distances of the images are the same ; but 
the nebulous mass M is never seen by transmission. When 
the second image, B, is invisible by reflexion, it is exceedingly 
br^t when seen by transmission, and vice versd, 

£i making these experiments, I had occasion to fix the 
motlMT-of'pearl to a goniometer with a cement of resin and 
b0e«'*M«x ; and upon removing it, I was surprised to see tb» 
whole mu&c^ of the wax shining with the prismatic cokro of 
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kft 
to ke a aalalBe, aad it i 
^t-feaA redij imprened apos the 
pradodiif t^ eoknd ipectBL Wheatfae 
flf'petri WM ■yfPiiffii< OB the wz, the «nz gate cnfy 
kMge, A ; mmk when the pnMifd Mdbce vu oed, it 0M« 
both A awl B : b«t the nehiloM inm M vu Beter exhibited 
hf the wax. The images «en m the wax are always oa the 
oppofite «de of C,fiDm what thqr*re in the auftoe diat ii 
impreMed upon it. 

The ctAan of outhepoffieul, as c uUMwi eated to a soft 
Mfftee, wmj be hest sees bjr mng black wax; hut I have 
tnoiferred them also to fadaun of Tda, realgar, fbsiUe 
metal, and to dem sofftces of lead and tin by baid prasaare, 
or the Uow of a h amm er . A sdutioQ of gam anbic or of 
iRng^asii arhen allowed to indmate upon a soHbce of mother- 
o^pearl, takes a most perfect impression from it, end exhibils 
all the m mm ii ni raMe calors in the finest manner, ^Hmb seen 
either by reflexion or trinmiMHioa. By placing the ianglam 
between two findy polished sorfiiees of good specimens of 
BOther-o^|»earl, we mall obtain a film of artificial mother<if' 
pearl, which when seen by single lights, such as that of a 
candle, or by an aperture in the window, will shine with the 
bn^4itest huesL 

u, in thii experiment, we could make the grooves of the 
one surfiu^e of mother-o^pearl exactly parallel to the grooyes 
m the other, as in the shell itself the images, A and B, formed 
by each surfiu^e, would coincide, and on^ two woald be d^ 
ierved by transmission and reflexion : but, as this cannot be 
done, fowr image$ are seen through the isinglass film, and 
also four by reflexion ; the two new ones being firmed l^ re- 
flexion from the second surfiu^ of the film. 

From these experiments it is obvious that the colors under 
our consideration are produced by a particular configumtion 
of surface, which, like a eeal, can convey a reverse impre»- 
■ion of itself to any substance capable oif receiving it By 
QQcamining this sumce with microscopeEv I discovered in 
almost every specimen a grooved structure, like the delicate 
toxtuve of the skin at the top of an infiint's finger, or like the 
■ection of the annual growths of wood, as seen upon a dressed 
wank of fir. These may sometimes be seen by the naked eye, 
but they are often so minute that 9000 of them are contained 
m an inch. The direction of the grooves is always at right 
angles to the line M A C B, ^^. 62. ; and hence m nrieffularljr 
ihnaed motherof-pearl, where the gmoves are ofttn eirotdar. 
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and hayinff every poasible direction, the colored irotges A, B 
are irreguuarly scattered round the common image C* If th9 
l^rooves were, acccardingly, circular, the seriea of prismatic 
rniages, A B, would form a prismatic rinff round C, provided 
the grooves retamed the same distance. The general distance 
of the grooves is firom the 200th to the dOOOth of an inch, and 
the distance of the prismatic images firom C increases as the 
grooves become closer. In a specimen with 2&00 in an inch, 
the distance A C was 3^ 41' ; and in a iq>ecimen of about 
5000 it was about 7^ 22'. 

These grooves are obviously the sections of all the con- 
centric strata o£ the shelL When we use the actual surfiu^ 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the j>rincipal imi^e C. Hence we see the reason why the 
pearl gives none of the images A, B, why it communicates 
none of its colors to wax, and why it shines with that delicate 
white light which gives it all its value. The pearl is formed 
of concentric sf^erical strata, round a central nucleus, which 
Sir Everard Home- conceives to be one of the ova of the fish. 
None of the edges of its strata are visible, and as the strata 
have parallel sumces, the mass of light M is reflected exactly 
like the image C, and occupies its place; whereas in the 
mother-of-pearl it is reflected from sunaces of the strata, in- 
clined to the general smrfiice of the specimen which reflects 
the image C. The mixture of all these difinse masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tifiil white of the p^ls. In bad pearls, where the colors are 
too blue or too pmk, one or other of these colors has pre*, 
dominated. If we make an oblique section of a pearl, so as 
to exhibit a sufficient number of concentric strata, with their 
edges tolerably close, we should observe all the communicaM^ 
colors of mother-of-pearl.* 

These phenomena may be observed in many other shelb 
besides that of the pearl-oyster ; and in every case we may 
distinguish communicable fi'om incommunicable colors, by 
placing a film of fluid or cement between the sur&ce and a 
plate of ghsB, The communicable colors will all disappear 
f^am the filling up of the grooves, and the incommunicable 
cdbrs will be rendered more brilliant 

(81.) Mr. Herschd has discovered •in very thin plates of 
mc^er-of-pearl another pair of nebulous prismatic images^ 
more distant from C than A and B, and also a pair of fainter 
nebulous images, the line joining which is always at right 

* See Edinburgh Journal rfScimc*, Na 21I., p^ S77. 
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mglea to the line kanine the firat pair* Theae images ue 
■een by leokutg tkrvugk a thin piece erf* mother-of'peKrl, cot 
parallel to the natuial surltice oi the Bhell, and between the 
70th End the SOOdth of an inch thick. The; aie much Itxger 
than A and B ; and Mr. Herachel found that the line jotntPBT 
than was alWBjB perpendicular to a veined strnctore which' 

r through its sulMance. The distance of the red part of 
iiotge from C wat fixind to be 16° Sd", and the reina 
Whi^ pnjdnoed tbess oolun were so snajl that 3700 of them 
were contained in an inch. We have represented them in 



these grooves at all angles, " giving the whole nir&ce mnch 
the appearance of a piece of twiliS silk, or the larger waves 
of the sea intersected with minute ripplrngs." "ne aeeoai 
pair of nebulous images seen by tianamiseiixi niuet arise from 
a veined Btnieture emctly perpendicular to the first, though 
the structure bite not yet been reci^ized by the microectwe. 
The structure which produces the lightest pair Mr. Hetsehel 
has found to be in all cases coincident with the plane pasmnj^ 
throu^ the centres of the two systems of pc^orized rings. 

The principle of the production of color by gtoovM sur- 
bees, and of the communicability of these colors Ire pressure 
to various substances, has been happily applied to the arts by' 
JcJm Barttsi, Esq. By ineans of a delicate engipe, operatiDg 
by a screw of the most accurate Worknandilp, ho has suc- 
ceeded in cutting grooves upon steel at the distance of fimn 

■ Ii ■ aiiKinin Bcn* twTore (H. Iba tliw Jolnlni Iba (WD ftiatot Bebnlooa 
Iniau !• at ritfalanf M Ip ibt Um ]Ms1d( A ud B. 
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the 2000th to the 10,000th (^ an inch. These lines are cut 
with tiie point of a diamond ; and such is their perfect paral- 
lelism and the uniformity of their distance, that while in 
Qiotber-i^pearl we see only one prismatic imajpfe, A, on each 
idde of the common ima^ C, of the candle, m the grooved 
steel surfiuses 6, 7, or 8 prismatic images are seen, consisting 
of spectra, as perfect as those jsroduced bv the fineit prisma 
Nothing in nature or in art can surpass this brilliant display 
of colore; and Mr. Barton conceived the idea of f<»rming out* 
tons for g^tlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, and 
shining in the ^ht of candles or lamps with all the hues of 
the spectrum. To these he gave the apfm^riate name of In$ 
o^nam^its. In ferming the buttons, the patterns were diawi 
on steel dies, and these, when duly hardened, were used t^ 
stamp their impressions upon polished buttons of bras& la 
day-light the colors on these buttons are not easOy distin^uisb 
ed, umess when the surfece reflects the margin of a danc ob- 
ject seen against a light one ; but in the light of the sun, anu 
that of gas-flame or candles, these colors are scarcely if at a^ 
surpassed by the brilliant flashes of the diam(»id. 

The grooves thus made upon steel are, of course, all trans- 
ferable to wax, isinglass, tin, lead, and other substances; and 
by indurating thin transparent films of i^i^lass between two 
of these grooved surfaces, covered with lines lying in all di- 
recti(His, we obtam a plate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining tl^ phenomena produced by some of 
the finest specimens of Mr. Barton's skill, which he had the 
kindness to execute fer this purpose, I have been led to the 
observation <^ several curious properties of light In mother- 
of-pearl, well polished^ the central image, O, of the candle or 
luminous object is always white, as we should expect it to be, 
in consequence of being reflected from the flat and policed 
surfiu^es between the grooves. In like maimer, in many 
specimens of grooved steel the ima^e C is also perfectly 
white, and the spectra on each side of it, to the amount of six 
or eight, are perfect prismatic images of the candle; the 
imaffe A, which is nearest C, being the least diepersed, and 
all me rest in succession more and more dispeisea, as if they 
were fermed by prisms of greater and greater dispersive 
powers, or greater and greater refhictii^ angles. These spec- 
tra contain the fixed lines and all the prismatic colors ; but the 
red or least reflrangible spaces are grea% expanded, and the 



Mold or moM lefiwigiMe il«<xs gfiMtlf oontraeteii; even nni* 
Mmh in the mem prodncMl bf stilphanc acid. 

In ■T.niiniiig Kwim rf thBBB phsDiatie images which Memed 
to be defeettve m paitknlu tbjb, I wu g o r^-iaed to fiw) tbmt, 
m the spetumena which produced them. Hie inuge C Teflected 
fcni the pcdiriied original aur&ce c^ the eted was haelf 
di^Oj OMmd; that its tint varied with the angle of inci- 
dence, u^ had same relation to the deblcatkra of color in the 
prinnatic images. In order to observe tbeae pbenomena 
throogh a great range of incidence, I aabatitnted for the can- 
dle a long narrow rectangular aperture, fimned by neari; 
doang the window-^hnttera, and I then saw atnne view the 
Atfe of the oidiiMuy image and all the [ninnatic images, la 
ccder lo naderatBttd diis, let A B, J^. 61., be the ordhiMj 



imase of the aperture reflected trom the flat suiWe of the 
■tew which Lies between the grooves, and a 6^0' 6',. o" &",&&, 
the priomatic images on each aide of it, every me of theae 
images forming a cfnnidete q>ectrum with all its di&rent 
edor*. The image A B was croawd in a direction perpen- 
dicular to its lefigth with broad cdored fringe^ vuiying in 



Blue - - . . ^56° CK 

Bluish peea • - 54 30 

Yellowish greea - 53 15 

Whitish green - - 51 

Whiti^ yellow - - 49 

Yelbw .. - - 47 15 

Pinkish yellow - • 41 

Pink red - ... 36 

Whitish pink • • 81 

Green . - - . 24 

Yellow .... 10 

Reddish .... 00 
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their tints from 0^ to 90^ of incidence. In a specunen with 
1000 grooves in an inch, the following were the colors dis- 
tinctly seen at different angles of Incidence : — 

White . . . . 90O 0' 
Yellow .... 80 30 
Reddish orange - - 77 30 

Pink 76 20 

Junction of pink and ) 75 4A 
blue - - - > «' *w 

Bnlliant blue - - 74 30 
Whitish .... 71 
Yellow .... 64 45 

Pink ^ 59 45 

Junction of pink and ? go 1 q 
blue ... J 

These colors are those of the reflected rinss in thin plates. 
tf we turn the steel plate round in azimuth, the very same 
colors appear at the same angle of incidence, and they tuffer 
no change either by varying the distance of the steel puUe 
from the luminous aperture, or the distance of the eye of the 
observer from the grootes. 

In the preceding table there are foxsi orders of colors ; but 
in some specimens there are only three, in others two, in 
others one, and in some only one or two tints of the first order 
are developed. A specimen of 500 grooves in an inch eave 
only the yellow of the first order through the whole quamrant 
of incidence. A specimen of 1000 grooves gave only cme 
complete order, witn a portion of the next A specimen of 
3333 grooves gave only the yellow of the first order. A spe- 
cimen of 5000 gave a little more than one order ; and a spe* 
cimen of 10,000 grooves in an inch gave also a little more 
than one order. 

In fig. 64. we have represented the portion of the quadrant 
of incidence from about 22^ to 76^. In the first spectrum, 
ubabyvv]a the violet «de of it, and r r the red side of it, 
and between these are arranged all the other colors. At m, 
at an incidence of 74^, the videt light is obliterated from the 
q>ectrum a b ; and at n, at an incidence of 66°^ the red rays 
are obliterated ; the intermediate colors, blue, green, &c., being 
obliterated at intermediate points between m and n. In the 
second spectrum, a* b' a' b', the violet rays are obliterated at 
m' at an incidence of 66^ 20^, and the red at n' at an mci- 
dence of 56®. In the third spectrum, a" b" a" b'^, the violet 
rays are oUiterated at m" at 57^ and the red at n" at 41® 

K 
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35'; and in the fbarth qteetnim, dw violet nya ue obl^ 
crated at m'" at 48°, uid the red at n'" at W> 30". A liiiu. 
lai aaccesnm <^ obliteiated lints tak«a place era all the pm- 
matio tiiMgea at a leaser incidence, as mown at p '■«■'*'; tbe 
Tiotet betng obliterated at /i and ^, and the red at > and V, and 
the intermediate coIms at inlermediata p(SDt& In thia 
MMDd auccesskn the line ^r begins and «nde at the bow 
ftn^e <^ incidence as the line m" »" in the third ^rismatie 
image a" b", and the line fi' i' in the Becood piismatic image 
OorreqKMida with m"'«"' on the finrth prismatic image, m 
■11 these cases, the tints obliteiated in the direction mniir, 
tce^ would, if restored, form a complete priroiatic spectrum 
whose leng^ is mn /m, £^ 

Conaidering the ordinarj linage as wbite, a similar obliteie- 
tioD of tints tekes place upon it. The violet is obliteiated at 
• aboat 76°, leaving pink, or what the violet wants of white 
Iwbt; and tbe red is obliterated at j> at 74°, leaving- a bright 
hlue. The violet is obliterated at q and a, and tl^ red atr . 
and f, as maj be inferred from the piecedii^ l^ble of cokns. 
The anolfsis of these curiooa ai)d amarentjj Mmplicatej 
phenomena becomes vety simple when tliejr are exunmed ly 
homogeneous light The effect produced oe red light is r^ 
presented in J^. 65,, where A B is the image of the irnirow 
Jlf.Ol. aperture reflected mnn the m^ginol 

Builkcetrf'the steel, and the tbor images 
on e«ch side of it correspotid with the 
prianatic imag«K Ail these nine 
unige^ however, consist of hconogene- 
ous red light, which i* obliteral^, or 
nearij so, at the fifteen diaded rectan- 
gles, which ore the minima of the new 
series of periodical cobrs which crow 
both the coilinary and the lateral imager 
The centres p, r, I, n, ». dtc., of these 
rectangles unreepond with the points 
marked with the same letters in j^. 
S4. ; and if we had drawn the aune 
figure for vicJet light, the centres of 
the rectangles wmild have been all 
hi^ier np in the S^nte, and would 
have ccnrespoaded with o, 9, «, m, p> 
eiciaj^.ai. The rectangles should 
hoive been shaded off to represent Ihe 
pliehontena accuntelj, but tlie only 
object d (he figure is to show to 
tbe eye the pcsiboii and rektion* of 
the mininia. 
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If we cover the sarikce of the grooved steel with a fluid, 
80 as to diminish the refiractire power of the surface, we de- 
vekpe more orders of colors on the ordinary image, and a 
greater noml&r €i minima on the lateral images, higher tints 
being produced at a gv/en incidence. But, what is very re- 
markaUe, in grooved sur&ces when the ordinary image is 
perfectl;^ whit^ and when the spectra are complete without 
any obliteration of tmts, the applicaticnn of nuids to the 
grooved sur&ce developes colors on the opdinary image, and a 
^ovTOsponding obUteraticoi of tints cm the lateral images. The 
£]llowmg Ti£le contains a few of the results relative to the 
ordinary image :-^ 



Vumbn*! 

grooTM !■ 

an inch. 



312. 



3333 



■axiauiai tiat 
wttbont a laid. 



Perfectly white. 



( Gamboffe yellow 
I of the nnt order. 



Maxlmam ttat wltk llatdb 



\ 



1. Water, tinge of yellow. 

2. AlcohoV tinge or yellow. 

3. Oil of caasiat fidnt reddiah yellow. 

1. Water, pinkish red (first order). 

2. Alcohol, reddish pink. 

3. Oil of casna, bright blue (second 

order). 



Phenomena analogous to those above described take place 
upcm the grooved sur&ces of gold, silver, and calcareous 
spar; and upon the sur&ces of tin, isinglass, realgar, &C., 
to which the grooves have been transferred from steel. For 
an account of the phenomena exhibited by several of these 
Bubstances, I must refer the reader to the original memoir in 
the Philosophical Transactions fer 1829. 



CHAP. XV. 

CM FITS OF Rl^FLEXION AND TBANSMISfilOll, AND OH THE 

INTERFERENCB OF LIGHT. 

(8S.) In the preceding chapters we have described a very 
extensive class of i^enomena, all of which seem to have the 
eame origin. From his experiments on the colcnrs of thin and 
erf" thick plates, Newton inferred that they were produced by 
a singular property of the particles of liffht, m virtue of 
which they possess, at diflferent points of their path, fits or 
dispositions to be reflected from or transmitted by transparent 
bodies. ^ Isaac does not [n'etend to explain the origin d 
these fits, or the cause which produces them ; but we laay 
£)rm a tolerable idea of them by suj^Kxsing that each particle 
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of light, after its discharge from a luminous hody, revolves 
round an axis perpendicular to the direction of its motion, and 
presenting alternately to the line of its motion an attractive 
and a repulsive pole, m virtue of which it will be refracted if 
the attractive pole is nearest any refracting surface on which 
it M\b, and reflected if the repulsive pole is nearest that sur- 
fiice. The disposition to be refracted and reflected will of 
course increase and diminish as the distance of either pole 
from the surface of the body is increased or diminished. A 
less scientific idea may be formed of this hypothesis, by sup- 
posing a body with a sharp and a blunt end passing tiuough 
space, and successively presenting its sharp and blunt ends to 
the line of its motion. When the sharp end encounters any 
0oft body put in its way, it will penetrate it ; but when the 
blunt end encounters the same body, it will be reflected or 
driven back. 

To explain this more clearly, let Ry^fi". 66., be a ray of 
jght fallmg upon a refracting surface M N, and trarumUted 

by that sumce. It is clear that it must 
have met the surface M N when it was 
nearer its fit of transmission than its fit of 
reflexion ; but \^hether it was exactly at its 
fit of transmission, or a little from it, it is 
put, by the action of the surface, into the 
same state as if it had begun its fit of trans- 
mission at t. Let us suppose that, after it 
has moved through a space equal to < r, its 
fit of reflexion ta^es pkce, the fit of trans- 
t*L^ . mission always recommencing at 1 1', &c. 
and that of reflexion at r r', d^c. ; then it is obvious, that if 
the ray meets a second transparent sur&ce at 1 1', &c., it will 
be transmitted, and if it meets it at r r', &c, it will be reflected. 
The spaces tf,f t" are called the intervals of the fits of 
transmission, and rr',r' r" the intervals of the fits of re- 
flexion. Now, as the spaces tf,r r', &c. are supposed equal 
for light of the same colors, it is manifest that, if M N be the 
first sur&ce of a body, the ray will be transmitted if the 
thickness of the body iatt'^t f , &c. ; that 18, tt',2tt',S t i\ 
4 1 1\ or any multiple whatever of the interval of a fit of easy 
transmissioiL In like manner the ray will be reflected if the 
thickness of the body is < r, tr' ; or, since tt' ia equal to r r*, 
if the thickness of the body ia ^ tV, mv, 2^tf, Sht V. 
If the body M N, therefore, had parallel surfeces, and if the 
eye were placed above it so as to receive the rays reflected 
perpendicularly, it would, m every case, see the surface M N 
by the portion of light uniformly reflected Jrom that surface ; 
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but when the ttucknen of the bodf tna ( C 2 J t', S ( C, 4 1 1' 
or 1000 1 1', the eye would receive no nye ftom the second 
BUT^e, because they &re eH transmitted ; ami in like manner, 

if the thickness was ^ f t'. If t V, 2i t f, or 1000^ 1 1', the eye 
would receive all the Iig-A( reflected from the second sorfkce, 
because it is all reflected. When this reflected light meets 
the first Eui&ce H N, on its way to the eye, it is all lran» 
mitted, because it is then in its fit of transmisgion. Hence, 



e first case, the eye receives no light fiom the teeotul 
muAce, and in the »eamd cam, it receives all the light fnan 
the *eeoiid sorface. If the body had intermediate tbicknesHea 
between tf and 2 t f , &c., as J t f , then a portion of the 
light would be reflected from the second suT&ce, increasing 
as the thickness increased from f t' to If t f, and riiniini«hmg 
■gain as the ^cknees increased from If ( f to 2 M'. 

But let uB.now suppose that the pkte whoee snrfitce is M N 
is unequally thick, like the plate of air between the two 
lenses, or a film of blown glasi. Let it have its thicknen 
TBiying like a wedge MNP, fig. 67. Let ( 1', r K be the in- 
tervals d* the fits, and let the eye be piacad above the wedee 
as before. It is quite clear that near the point N the light 
tbat iklls upon the second sur&ce NP will be all transmittedjas 
k is in a fit of trensmisatcai ; but at the thickness I r the light 
JL will be reflected by the second euriace, because it is then 
in its fit of reflexka. In like manner the light will be mn*> 
mitted at r', again reflected at r', and again transmitted at t"; 
so that the eve above U N wiU see a series of dark and 
luminous bands, the middle of the dark ones being at N, t, t" 
in the line N P, and of' the luminous ones at r, r', &c. in the 

Jff.BT. 



Mune line. Let ns nippose that the figure is nited to red 

B li^ ( t' being the interval of a flt for tiiat 



114 A TSEATI8B OH OPTICS. PAST IT* 

terval of whose fits is rp, a smaller series of violet and 06- 
scure bands or fringes will be seen, whose obscurest points 
are at N, r', r^, &x;., and whose brightest points are at p, 'p, 
^. In like manner, with the intermediate colors of toe 
spectrum, bands dT intermediate magnitudes will be formed, 
having their obscurest points between t' and t', r" and t", and 
their brightest points between p and r, p' and r', &c. ; and 
when white light is used, all these di^rently colored bands 
will be seen forming fringes of the difl^rent orders <^ colors 
given in the Table m page 93. If M N P, in place of being 
the section of a prism, were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sui^ 
fiice has an oblique direction somewhat like N P, the direction 
of the colored bands will always be perpendicular to the 
radius N M, or will be regular circles. For the same reason, 
the colored bands are circular in the concave lens <£ air be- 
tween tiie object glasses ; the same colors always appearing 
at the same thickness oi the medium, or at the same distance 
firom the centre. 

By the same means Sir Isaac Newton explained the colora 
of thick plates, with this difference, that the fringes are not 
in that case produced by the light regularly refracted and re- 
flected at the two surfaces of l£e concave mirror, but by the 
light irregularly scattered by the first surface of the mirror 
in consequence of its imperfect polish ; for, as he observes^ 
** there is no class or speculum, how well soever polished, but, 
besides the Tight which it refracts and reflects regularly, 
scatters every way irregularly a faint light, by means of 
which the polished surface, when illuminated in a dark room 
by a beam of the sun^s light, may be easily seen in all posi* 
tions of the eye." 

The same theory of fits affi)rds a ready explanation of the 
phenomena of double and equally thick plates, which we have 
described in another chapter. There are odier phenomena 
of colors, however, to which it is not equally applicable ; and 
it has accordingly been, in a great measure, superseded by 
the doctrine of interference, which we shall now proceed 
to explain. 

(83.) In examining the black and white stripes within the 
shadows of bodies as formed by inflexion, Dr. Young found 
that when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B, 
^^. 564, 86 as to intercept all the light on that side by receive 
mg the edge of the shadow on the screen, then all the fringes 
in the sha£)W constantly disappeared, although the hght SjH 
passed by the other edge oi the body as before. Hence he 
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concluded that the %ht which passed on both sides was ne- 
cessary to the production of the fringes ; a conclusion which 
he might have deduced also from the known &ct, that when 
the body was above a certain size, fringes never appeared in 
its shadow. In reasoning upon this conclusion, Dr. Young 
WB;s led to the opinion, that the fringes within the shadow 
were produced by the interference of the rays bent into the 
shadow by one stde of the body B with the rays bent irUo the 
shadow by the other side. 

In order to explain the law of inter ference indicated in this 
experiment, let us suppose two pencils of light to radiate from 
two points very close to each other, and that this li^ht falls 
upon the same spot of a piece of paper held parallel to the 
line joining the points, so that the spot is direcUy opposite the 
point which bisects the distance between the two radiant 
points. , In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and would diverge from one 
anchor. The spot will, therefore, be illuminat^ with the 
sum of their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot on 
the paper being equally distant from both Ihe radiant pointa 
Now, it has b^n found that when there is a certain minute 
difference between the lengths of the paths of the two pencils 
of light, the spot upon the paper where the two lights inter- 
fere is still a bright spot illuminated by the sum of the two 
lights. If we call this difference in the lengths of their paths 
dy bright spots will be formed by the interference of the two 
pencik when the differences in tlie lengths of the paths are 
if , 2 J, 3 J, 4 d, &c. All this Is nothing more than what fs 
consistent with daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
strated that if the two pencils interfere at intermediate points, 
or when the difference in the lengths of the paths of the two 
pencils is | d, 1^ d,2^d,S^ d, &c. instead of adding to -one 
another's intensity, and producing an illumination equal to the 
gum of their lights, they destroy each other, and produce a 
dark spot This curious property is analogous to the beatmg 
of two musical sounds nearly in unison with each other ; the 
beats taking place when the efiect of the two sounds is equal 
to the sum of their separate intensities, corresponding to the 
luminous spots or fringes where the effect of the two Tights is 
equal to the sum of their separate intensities, and the cessa- 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark spots or fringes where 
the two lights produce darkness. 
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By the aid of this doctrine the i^enomena of the inflexioQ 
of light, and those of thin and thick plates, may be well ex- 
|dained. Witii regard to the interior Mnges, or those in the 
shadow, it is clear that as the middle of the shadow is equally 
distant from the edges of the inflecting body B, fie. 56., there 
will be no difference in the length of the paths of the pencils 
coming from each side of the body, and consequently alcmgf 
the middle of the whole length of every narrow ^adow there 
i^ould be a whke stripe illuminated with the sum of the tvro 
mflected pencils ; but at a point at such a distance from the 
centre of the shadow that the differoice of the two paths of 
the pencil from each side of the bod^ is equal to ^ ^2, the two 
pencils will destroy each other, and give a dark stnpe. Henee 
there will be a dark stripe on each side of the central hright 
one. In like manner it may be shown, that at a point at soch 
a distance from the centre of the shadow that the difference 
in the lengths of the paths is 2 (i, 3 li, there will be bright 
■tripes ; and at intermediate points, where the diflerence in 
the lengths of the paths is 1^ <{, 2^ <2, there will be dark 
•tripes.* 

In order to explain the origin of the external fringes, both 
Dr. Young and M. Fresnel ascribed them to the interferoice 
of the direct rays with other rays reflected from the margin 
of the inflecting body ; but M. Fresnel has finmd that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufliciency of the explanation, even 
if such reflected rays did exist He therefore ascribes the ex- 
ternal fringes to the interference of the direct rays with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive direction. 
That such rays do exist, he proves upon the undulatory theory, 
which we shall afterwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine oS interference. The light reflected fiom the 
second surface of the plate interferes with the light reflected 
from the first, and as these two pencils of light come fiom di^ 
ferent points of space, they must reach the eye with diflferent 
lengths of paths. Hence they will, by their interference, form 
luminous fring^es when the diflerence of the paths is <2, 2 d!, 
3 d, &c., and obscure fringes when that diflTerence is 4 <2, 1| d^ 
2| dy 3i d, &c. 

In accounting for the colors of thick plates observed by 
Newton, the light scattered irregularly from every point of 
the first surface of the conpave mirror falls diverging on the 

•See Note No. V., by Am. ed., following the author's Appendix. 
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second sur&ce, and being reflected from this surface in lines 
diverging &om a point behind, they will suffer refraction in 
coming out oi the first surface of the mirror, being made to 
diverge as if from a point still nearer the mirror, but behind 
its simace. From this last point, therefore, the screen M N» 
in Jiff' 60., is illuminated by the rays originallv scattered on 
entering the first surface. But when the regularly reflected 
light, aner reflexicm from the second surface, emerges &om 
the first, it will be scattered irregularly from each point on 
that Bur&ce, and radiating from these points will illuminate 
the paper screen M N. Every point, therefore, in the paper 
screen is illuminated by two kinds of scattered light, the one 
radiating from each point of the -first surface, and the other 
firom points behind the second sur&ce ; and hence bright and 
obscure bands will be formed when the differences of the 
lengths of their paths are such as have been already de- 
scribed. 

The colors of two equally thick and inclined plates are also 
explicable by the law of interference. Although the light re- 
flected by the different surfaces of the plate emerges parall^ 
as ^own in Jig. 61., yet in consequence of the inclination of 
the plates it readies the eye by paths of different lengths 

The colors of fine fibres, of minute particles, of mottled and 
striated sur&ces, and of equidistant parallel lines, may be all 
referred to the interference of different portions of light 
reaching the eye by paths of different lengths ; and though 
some difficulties still exist in the application of the doctrine to 
particular phenomena that have not been sufficiently studied, 
yet there can be no doubt that these difficulties will be re- 
moved by closer investigation. 

As all the i^enomena of interference are dependent upon 
the quantity d, it becomes interesting to ascertain its exact 
magnitude for the differently colored rays, and, if possible, to 
trace its origin to some primarjr cause. It is obvipus, as 
Fraunhofer has remarked, that this quantity <2 is a real abso- 
lute magnitude, and whatever meaning we may attach to it, 
it is demonstrable that one half of it, in reference to the phe- 
nomena produced by it, is opposed in its properties to the other 
half; so that if the anterior half combines accurately with 
the posterior half, or interferes with it in this manner under a 
small angle, the efiect which would have been produced b^ 
each separately is destroyed, whereas the same effect is 
doubled if two anterior or two posterior halves of this mag- 
nitude combine or interfere in a similar manner. 

(84.) In the Newtonian theory of light, or the theory of 
emission, as it is called, in which light is supposed to consist 
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of material particles emitted by laminous bodies, and-moviaff^ 
through space with a velocity of 102,000 mfles in a seccxia^ 
the quantity d is double the interval of the fits of easy re- 
fl^on and transmissbn ; while in the undulatory theory it is 
equal to the breadth of an undulation ot wave of lig^t 

In the undulatoiy theory, an ezceedinffly thin luid elastie 
medium, called ether, is supposed to fill all Bjptice, and to oo- 
cupy the intervals between the particles of all material bodie& 
The ether must be so extremely rare as to pres^it no u^re- 
ciaUe resietance to the planetary bodies which move freely 
through it 

The particles of this ether are, like those of air, capable of 
being put into vibrations by the agitation of the particles of 
matter, so that waves or vibrations can be propagated through 
it in all directicma Within refinacting media it is less elastie 
than in vacuo, and its elasticity is less in proportion to the re- 
fitu^tive power of the body. 

When any vibrations gt undulations are propagated through 
this ether, and reach the nerves oi the retina, they excite the 
s^asation of light, in the same manner as the sensation of 
sound is excit^ in the nerves of the ear by the vibrations of 
the air. 

Differences of color are supposed to arise from differences 
in the frequency of the ethenal undulations ; red being pro- 
duced by a much smaller number of undulations in a given 
time than blite, and intermediate colors by intermediate num* 
bers of undulations. 

Each of these two theories c^ light is beset with difficulties 
peculiar to itself; but the theory of undulations has made 
great progress in modern times, and derives such powerfiil 
support from an extensive class of phenomena, that it has been 
received by many of our most distinguished philosophers. 

In a wc»:k like this it would be in vain to attempt to give 
a particular account of the principles of this theory. It may 
be sufficient at present to state, that the doctrine of inter* 
fereoce is in complete accordance with the theory ci undula- 
tion. When similar waves are combined, so that the eleva- 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produced ; whereas, 
when the elevations of the one coincide with the depressuns 
of the other, both systems of waves will be totally destroyed. 
•♦The spring and neap tides," says Dr. Younff, "derived from 
the combination of the simple soli-lunar tides, affi)Td a mag- 
nificent example of the interference of two immense waves 
with each other ; the ^ring tide bein^ the joint result of the 
combination when they coincide in time and place, and the 
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neap tide where they succeed each other at the distance of 
hall an interval, so as to leave the effect of their difference 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a different modifica- 
tion of the same opposition of undulations ; the ordinary pe- 
riods of high and low water being altogether superseded on 
account of the di^rent lengths of the two channels by which 
the tides arrive, affording exactly the half interval which 
causes the disappearance of the aftemation. It may also be 
very easily observed, by merely throwing two equal stones 
into a piece of sta^^nant water, that the circles of waves whidi 
they occasion obliterate each other, and leave the surface of 
the water smooth in certain lines of a hyperbolic £>rm, while 
in other neighboring parts the sur&ce exhibits the agitation 
belonging to both series United." 

The following Table given by Mr. Herschel contains the 
principal data of the undulatory theory : — 



Colon at Um Bfeotram. 


Lengtba of an Un- Number of 
dnlaUon in part* VodalaUoM 




of an Inch in air. in an lacli. 


Extreme red . 


o-ooooaee 


37640 


Red . . . 


0-0000256 


39180 


Intermediate . 


0-0000246 


40720 


Orange . . 


0-0000240 


41610 


Interm^iate . 


0^)0002.35 


42510 


YeUow. . 


0-0000227 


44000 


Intermediate . 


0K)000219 


45600 


€rfeen 


0K)000211 


47460 


Intermediate . 


0-0000203 


49320 


Blue . . . 


0-0000196 


51110 


Intermediate . 


0O000189 


52910 


Indigo . . 


0-0000185 


54070 


Intermediate . 


0-0000181 


55240 


Violet . . 


0-0000174 


57490 


Extreme videt 


0-0000167 


59750 



H BSiker or nadvhtioH ia ■ 
Second.* 



458,000000,000000 
477,000000,000000 
495,000000,000000 
506,000000,000000 
517,000000,000000 
535,000000,000000 
555,000000,000000 
577,000000,000000 
600,000000,000000 
622,000000,000000 
644,000000,000000 
658,000000,000000 
672,000000,000000 
699,000000,000000 
727,000000,000000 



•* From this Tuble," says Mr. Herschel, ** we see that the 
nsibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1*58 : 1, and therefore less than an octave, and about 
equal to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and time, is not 
a little wonderful ; for it may be observed, whatever theory 
of light we adopt, these periods and these spaces have a real 
existence, being in fact deduced by Newton from direct mea- 
surements, and involving nothing hypothetical but the names 
here given them." 

* Taking the velocity of light at 192,000 miles per second. 
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CHAP. XVL 

CM THE ABSORPTION OF IJGRT. 

(&5») One of the most curious properties of bodies in their 
actKNn upon light, and one which we are persuaded will yet 
perform a most important part in the explanation of optical 
pheuomena, and become a ready instrument in optical re- 
searches, is their power of absorbing light Even the most 
transparent bodies in nature, air and water, when in sufficient 
thickness, are capable of absorbing a great quantity of light 
On the summit of the highest mountains, where their light 
has to pass through a much less extent of air, a much greater 
number of stars is visible to the eye than in tlie plains below ; 
and through great depths of water objects become almost in- 
visible. The absorptive power of air is finely displayed in 
the color of the morning and evening clouds ; and that of 
water in the red color of the meridian sun, when seen from 
a diving-bell at a great depth in the sea. In both these cases, 
one class of rays is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to th^ clouds, and in the other to 
the eye. 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration : — 



Charcoal. 

Coal of all kinds. 

Metals in generaL 

Silver. 

Gold. 

Black hornblende. 

Black pleonaste. 



Obsidian. 

Rock crystaL 

Selenite. 

Glass. 

Mica. 

Water and transparent fluids. 

Air and gases. 



Although charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided state, as in some of the 
gases and flames, or in a particular state of aggregation, as in 
the diamond, it is highly transparent In like manner, all 
metals are transparent in a state of solution; and even silver 
and gold, when beaten into thin films, are translucent, the 
former transmitting a beautiful blue, and the latter a beautifiil 
green light* 



* S«e Note No. VI. of Am. ed., in the notes following thd author*! 
Appendix. 
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I%iloflDphem kave not yet ascertained the nature of the 
power hy which hodiea absorb lig^ht Some have thought 
that the particles of li^t are teflected in all directbns hy the 
particles of the ajbeorbrng body, or tamed aside by the forces 
resident in the particles ; while others are of ojMnion that 
they are detained b^ the body, and assimilated to its sab- 
stance. If the particles ci light were reflected or merdy 
tamed out <^ their direction by the action of the particles, it 
seems to be quite demonstralile that a portion of the most 
opaque matter, such as charcoal, would, when exposed to a 
strong beam of light, become actually phos{di(Nrescent during 
its ilkunination, or would at least appeu: white ; but as all the 
light which enters it is never again visible, we must believe, 
till we have evidence of the contrary, that the light is actu- 
ally 8ti)pped \>y the particles of the body, and remains within 
it in the form of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a given num-« 
her uf equally Siin plates, at the refracting surfiuies of which 
there is no light lost by reflexion. If the first plate has the 
power of ab^bing Y^\k of the light which enters it, or 100 
rays out of IQOO ; Sien Aths of tl^e qfiginal light, or 960 ray^ 
w&l &11 upcm the second plate ; and -A^ tb of these, or 90, be- 
ing absorbed, 810 will fall upon the third plate» and so On. 
Hence it is obvious that the quantity of light transmitted bv 
any number of films is equal to the light transmitted through 
cme fihn multiplied as often into it^lf as .there ar« films 
Thus, since 900 out of 1000 rays are transmitted by one film 
ftXi^X^ equal tOT%Vor 729 rays, will be the quantity 
transmitted by three films ; and therefore the quantity abs(»*l>- 
ed will be ^1 rays. Of the various bodies which absorb 
light copiously, there are few that absorb all the colored rays 
or the spectrum in equal proportions While certain clouds 
absorb the blue rays and transmit the red, there are others 
that absorb all the rays in equal proportions, and exhibit the 
sun and the moon when seen through them perfectly white. 
Ink diluted is a fine example of a fluid which absorbs all tlie 
colored rays in equal proportions ; and it has on this account 
been applied by Sir William Herschel as a fiarkening sub- 
stance for obtaining a white image of the sun. Black pleon- 
asie and obsidian afford exampks of solid substances Which 
absorb all the colors of the spectrum proportionally. 

(86.) All colored tran^[)arent bodies, however, whether 
solid or fluid, do not necessarily absorb the colors proportion- 
alty; finr it is only in consequence of an unequal absorption 
that they could appear cdored by transmitted light. In order 

1^ 
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to exhibit this absorptive power, take a thick jnece of the blue 
glass that is used for finger glasses, and Which is sometimes 
met with in cylindrical rods of aboat ^ths of an inch in 
diameter, and shape it into the form of a wedge. Form a 
prismatic image o£ the candle, or, what is better, €i a narrow 
rectangular aperture in the window by a prism, and examine 
this prismatic image through the wedge of colored glass. 
Through the thinnest edgne the spectrum will be seen nearly 
as complete as heSxe the interposition of the wedge ; but as we 
look at it through greater and greater thicknesies, we shall 
see purticular parts or cdcnrs of the spectrum become fiiinter 
and fidnter, and gradually disappear, while others eafSer but a 
slight diminutbn of their brightness. When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in fig. 68., where the middle K of the 
red space is entirely absorbed, the inner red that is left is 
weakened in intensity ; the orange is entirely absorbed ; the 
yMno Y is left almost insulated ; the green G on the side of 
jpj- 58^ the yellow is very much absorbed; 

' and a dight absorption takes place 

TrilB I along the green and blue space. At 

IIJH I a CTeater thickness still, the timer 

KV G V fed diminishes rapidly, and also the 

yellow, green, and blue; till, at a certain thickness, all the 
middle colors oi the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R and the violetV, as 
shown in J^. 09. As the red li^t R has much greater in- 
f^ gg tensity than the violet, the glass 

^' has at this thickness the appearance 

njj^ I of being a red glass; whereas at 

I ■BB W"™ ' small thicknesses it had the appear- 

-R^ ^ ance of being a blue glass. 

Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, for example, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays y^y 
powerfully, and leaves the red, yellow, and green but little 
affected. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and videt rays with great 
avidity. In consequence of these different powers of absorp- 
tion, a very remarkable jrfienomenon may be exhibited. If 
we look through the blue glass so as to see the i^ectrum in 
fig. 69., and then look at 3iis spectrum again with a thin 
plate of sulphate of copper, which absorbs the extreme rays 
at R and V, the two substances thus combined will be abao 
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lutely opaqae, and not a ray of li^ht will reach the eye. The 
effect is perhaps more striking if we look at a bright white 
object through the two media together. ' 

(87.) In attempting to ascertain the influence of heat on 
the absorbing power c^ colored media, I was surprised to ob- 
serve that it produced opposite eflects upon difierent glasses, 
diminishing the absorbing power in some and increamig it 
in others. ^ Having brought to a red heat a piece of purine 
glass, that abeorbcxl the greater part of the green, the yellow, 
and the interior or most refrangible red, i held it before a 
strong light ; and when its red heat had disappeared, I ob- 
serve that the transparency of the glass was mcreased, and 
that it transmitted freely the green, the yellow, and the 
interior red, all of which it had formerly, in a great measure, 
absorbed. This effect, however, gradually disappeared, and 
it recovered its former absorbent power, when completely 
cold. 

A^en yellowish-green glass was heated in a similar man- 
ner, it lost its transparency almost entirely. In recovering its 
green color, it passed through various shades of olive green; 
but its tint, when cold, continued less green than it was be- 
fore the experiment A part of the glass had received m 
cooling a polarizing structure, and this ^part could be easily 
distinffuished from the other part by a dirorence of tint 

A j^te of deep red glass, which gave a homogeneous red 
image of the candle, became very opaque when heated, and 
scarcely transmitted the light of the candle after its red heat 
had subsided. It recover^ however, its transparency to a 
certain degree ; but when cold, it was more opaque than the 
piece from which it was broken. I have observed analogous 
phenomena in mineral bodiea Certain specimens of topaz 
have their absorbing power permanently changed by heat 
In subjecting the &las ruby to high degrees of heat, I ob- 
served that its red color changed into greeny which gradually 
&ded Into brown as the coding advanced, and resumed l^ 
degrees its original red color. In like manner, M. Berzelius 
ob^rved the spinelle to become broum by heat, then to grow 
opaque as the heat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkable change 
ot absorbent power is exhibited by heating* very considerably 
but so as not to inflame it, a plate of yellow native orpiment, 
which absorbs the violet and blue rays. The heat renders it 
almost blood red^ in consequence of its now absorbing the 
greater part of the green and yellow rays. It resumes iti 
Kirmer color, however, by cooling. A still more sdriking 
efl^t may be produced with pure phosphorus, which is ot a 
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ilightly yellow cdor, transmittiDF freely almost all the color- 
ed nys. When melted, and suddenly cooled, it acquired the 
power of abeorbinff all the colors of the spectrum at thick- 
nesses at which it formerly transmitted them aJL The black- 
ness produced upon pure phosphorus was first observed by 
l^enard. Mr. Faraday observed, that glass tinged purple 
widi manganese had its absorptive power altered by the mere 
transmission through it of the solar rays. 

By the method above described c^ absorbing particular 
colors in the spectrum, I was led to propose a new method of 
analyzing white light The experiments with the blue glass 
incontestably prove that the orange and preen colors in solar 
light are compound xolors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorption, by 
which we may exhibit alone the red part of the orange and 
the blue part of the green, or the yellow part of the orange 
ttod the yellow part of the green ; and, by submitting the 
other colors of the q[)ectrum to the scrutiny of absorbent 
media, I was led to the coAcludons respect^ the spectrum 
which are explained in Chapter VII. 

We have already seen tiiat in the sdar spectrum, as de- 
. fcribed by Fnumhder, there are dark lines, as if rays of par- 
ticular refrangibilities had been absorbed in their course irom 
the sun to the eartL The absorption is not likely to have 
taken place in our atmosphere, otherwise the same lines 
. would have been wanting m the spectra from the fixed stars, 
and the rays of solar light reflected from the moon and {Panels 
: would probably have been modified by their atmo^eres. 
But as this is not the case, it is probable that the rays whicSi 
■ ftre wanting in the roectrum have been absOTbed by the sun's 
jEtmosphere, as Mr. Herschel has supposed. 

(88.) Connected with the preceding phenomena is the sub- 
ject of colored flames, which. When examined by^a pHsm, 
exhibit spectra deficient in particular rays, arid r^erfabling 
4he solar spectrum examined by colored glasses. Pure hy- 
drogen ^93 bums with a blue name, in Which many of the 
fays of hght are wanting. The flame of an oil lamp contains 
most of we rays Which are wanting in sth-light Alcohol 
mixed widi water, when heated and burned, affi>rds a flanie 
with no other rays but yellow. Almost all salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
ithe powder of these salts into the exterior flame of a candle, 
cr into the wick of a spirit lamp. The foltowing results, ob- 
ilamed by diflTerent authors, have been given by Mr. He^ 
«chel : — 
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Salts of soda, Homo^feneona jeOow. 

■ potash, Pale violet. 

■ lime, Brick red. 

»— ^— strontia, Bright crimsoo. 

lithia, Red. 

baryta, Pale apple green. 

— ^— copper, Bluish green. 

According to Mr. Herschel the muriates succeed best on 
account of their volatility. 



CHAP. xvn. 

ON THE DOUBLE REFRACnON OT UOHT. 

(89.) In the preceding chapters of this work it has always 
been supposed, when treating of the refraction of light, either 
through sur&ces, lenses, or prisms, that the transparent or re- 
fracting body had the same structure, the same temperature, 
and the dame density in every part of it, and in every direc- 
tion in which the ray could enter it Transparent bodies <^ 
this kind are gases, fluids, solid bodies, such as different kinds 
of glass, formed by fusion, and slowly and equally cooled, and 
a numerous class of crystallized bodies, the ftnrm of whose 
primitive crystal is the cube, the regular odohednm, and the 
rhomboidal dodecahedron* When any oi these bodies have 
the same temperature and density, and are not subject to any 
pressure, a single pencil of light incident upon any single sur- 
QLce of them, perfectly plane, will be refracted into a single 
pencil accoVding to tlie law of the sines explained in Chap- 
ter m. 

In almost all other bodies, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
animal bodies, such as hair, horn, shells, bones, lenses of ani- 
mals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, imd seeds; and artificial bodies, such as 
xesins, gums, jellies, glasses quickly and unequally coded, and 
solid bcSies having unequal density either from Unequal tem- 
perature or unequal pressure; — in all such bodies a single 
pencil of light incident upon their surfaces will be refracted 
into two different pencils, more or less inclined to one another, 
according to the nature and state of the body, and according 
to the direction in which the pencil is incident. The separa- 
tion of the two pencils is sometimes very great, and in most 
cases easily observed and measured ; but in other cases it is 

L2 
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not viail^, and its existence is inferred only from certain 
effects which could not arise except from two refracted pen- 
cils. The refraction of the two pencils is called double re- 
f Taction, and the bodies which produce it are calted doubly 
refracting bodies or crystala 

As the phenomena of double refraction were first discovered 
in a transparent mineral substance called Iceland spar, cdkof 
•feauB spar, or carbowUe of lime, and as this substance. ill ad- 
mirably fitted for exhibiting them, we shall be^ by explain- 
ing the law of double refraction as it exists m this mineraL 
Iceland spar is composed of 56 parts of lime, and 44 of car- 
bonic acid. It is feund in almost all countries, in crystals of 
various diapes, and often in huge masses ; but, whether found 
in crystals or in masses, we can always cleave it or split it 
into i^apes like that represented in fig. 70., which is called a 

rhomb of Iceland spar, a solid bounded by 
six equal and similar rhomboidal surfaces, 
whose sides are parallel, and whose an^es 
B AC, ACD are 10P55'and78°5'. The 
inclination of any face A B C D to any of 
the adjacent faces that meet at A is 105^ d', 

and to any of the a4jacent faces that meet 

B ^ atX 74^55'. The line AX, called the 

4UBi$ of the rhomb or of the crystal, is equally inclined to eildi 
of the six^es a:t an angle of 45° 23'. The angle between 
any of the three edges, BA, CA, EA, that meet at A, or of 
the three that meet at X, and the axis A X is 66° 44' ^", and 
4be angle between any of the six edges and the &ces is 113'' 
45' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally odor- 
ieas. Its natural fiices, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect fkce by a better one, or 
. we may grind and polish any imperfect face. 

Henrmg procured a rhomb of Iceland spar like that in the 
figure, with smoodi and well polished fiic^ and so large that 
one of the edges A B is at least an inch long, {dace one of 
its faces upon a sheet of paper, having a black line MN 
drawn upon it, as shown in fig. 71. If we then look through 
the upper surface of the rhomb with the eye about R, we 
shall probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
Two line^ M N, m n, will then be distinctly visible ; and 
upon turning the crystal round, preserving the same side 
^ways upon the paper, the two lines will comcide with one 
•another, and i^pear to form one at two opposite pcHBts daring 
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a whole iwolotiovi of the crystal ; and at two other opposite 
points, nearly at right angles to die former, the lines will he 
at their greatest diiSance. If we place a black $pot at O, or 
& Imninons aperture, such as a piiwiole in a wafer, with light 
passing through the hole, the spot or aperture will appear 

Fig, 71. 




kmhle, as at O and E ; and by turning the crystal round 'na 
befbre, the two images will he seen separate in all positions ; 
the one» £, revolving, as it w^e, round the other, O. 

Let a ray or pencil of light, R r, ^1 upon the sui^iee ;of 
the rhomb at r, it will be refracted by the action of the sur^ 
fiice into two pencils, r O, r E, each of which, being again 
refracted at the second sur&ce at the points O, £, wul move 
m the directions O o, E e, parallel to one another and to the 
inc^ent ray R r. The ray R r has therefore been doubly re* 
fyacted by the rhomb. 

If we now examine and measure the angle of refraction of 
the ray r O corresponding to different angles (^ incidence, ^e 
shall find that, at 0° of incidence, or a perpendicular inci- 
dence, it sufiers no refraction, but moves straight through the 
crystal in one unbroken line ; that at all other angles of inci- 
dence the sine of the angle of refraction is to that of inci- 
dence as 1 to 1*654 ; and that the refracted ray is always in 
the same plane as that of the incident ray. Hence it is olh 
vious tiiat the ray r O is refracted according to the ordinary 
taw of refraction, which we have already explained. If we 
now examine in the same way the ray r £, we shall find that, 
at a perpendicular incidence, or one of 0^, the angle of r^ 
fiacti(Hi, in place of being 0^, is actually 6^ 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
constant ratio of the sines ; and, what is still more extraordi- 
nary, that the refracted rav r E is bent to one side, and lies 
entirely out of the plane d incidence. Hence it follows that 
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tiie pencil r E is refracted according to some new and extra- 
ordinarj law of refraction. The ray r O is therefere called 
the ordinfry ray, and r £ the extraordinary ray. 

If we cause the ray R r to be incident m varioos different 
directions, either on the natural &ces of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil passes, it is not refracted into two pencils, or 
does not suffer double refraction. In other crystals there are 
two such directions, forming an angle with each other. In the 
former case the crystal is sud to have one axis of double re- 
fraction, and in the latter case two axes of double refractioii. 
These lines are called axes of double refraction, because the 
phenomena are related to these lines. In some bodies th&e 
are certain planes, along which, if the refracted ray passes^ it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, a fixed line within the rhomb or crystal. It is 
only a fixed direction : for if we divide, as we can do, the 
rhomb ABC, fig, 70., into two or more rhombs, each of these 
separate rhombs will have their' axes of double refincticm ; but 
when these rhombs are again put together, their axes will be 
all parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as these 
lines have all one and the same direction in space, the crystal 
is still said to have only one axis of double refraction. 

In making experiments with different crystals, it is found 
that in some the extraordinary ray is refracted towards ike 
axis A X, while in others it is refiracted from the axis A X. 
In the first case the axis is called a positive axis of double 
refraction, and in the second case a negative axis of doiMe 
refraction. 

On Crystals with one Axis ofDoMe Refraction, 

(91.) In examining the phenomena of double refraction in 
a great number ef crystallized bodies, I found that all those 
crystals whose primitive or simplest form had only otnt axis 
of figure, or, one preeminent line round which the figure was 
imnmetrical, had also one axis of double refraction ; and that 
their axis of figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows >^ 

The rhomb with an obtuse summit 
The rhomb with an acute summit 
The regular hexahedral prism. 
The octohedron with a.squaie base. 
The right prism with a' square base. 
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(92L^ The (bUowW T^bla contniiiB the cifttab which havs 
one &xia_9f double remction, uranged under their nspectire 
pimitiTe ferms, the a^ -f being prefixed to those th&t haya 
BOiilive double retraction, and — to Ihoae that have n^atiM 
double reflection. 



tig. -a. 



Fig.n. 
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1. RhoiiA mtk lAtiue itamnit, jtg, 73L 
— Cubomte t£ lime (Icehnd — Pboaphate rf Iqad. 

mr. — Ruby ulver. 

— ^arbonate of lime and iron. — Levyne. 

« of liom and ni&g^ — Tourmaline. 
— Rubellita 
— Alum atoMb 
— Dioptase. 



— -PhoBphato-aTBeniate of lead. 
—Carbonate of zinc. 
—Nitrate of aoda. 

2. JEAoffib Htti on 
J'— Ooruudum. 
—Sapphire. 



— Bnlff. 



de (wnmtf, ^. TSL 
I —Cinnabar. 
— ^Arseaiate tX topper. 



3. Regvktr Bexahedral Prion, fig. 74. 
— Emerald. I — Nepheline. 

— Beryl. — Areenittle of lead. 

— ^HiMpbale of lime Oqnctite)^ | +Hydmte of magneaa. 

4. Oetokefhron with a tquare bate, fig. 7Ek 
. -f- Zircon. I — Molybdate of lettd. 

4- Oxide of (in. — Octohedrite, 

-f Tungatate of lime. — Prussiate of potadk 

— "'■"■•" I —Cyanide of merctoT. 



— MelBta 
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Fif. n^ fig' M. 




6t Rigid Prim tM(A a tguare batr, fig. 76. 

— Solphate of niekd and ea^ 

— Hf drate of strautM. 
+Apophyllite of atoe. 
-|-Ojt«hverite. 
-j-Snpemcelate of copper and 

+Titanite. 

-j-lce (certain crystals). 



— Wernerite. 

— Paranthine. 

— Meionite. 

— Somervillite. 

— Edingtonite. 

— ^Aneniftte of potuh. 

— Sub-phosfriiate of potash. 

— Ph(«|diate of Bmmonia an 

magnesia. 

In all tha preceding crfstala, and in the primitive tanna to 
which they belong, the line A X is the sjcia of figure and of 



I tiie^ belong, I 
B TefractioD, or 



Or the Laa of Double R^raetion in CryitaU mth'one 

Negative Art*. f 

CB3>) Id order to give a familiar expKnation of the law of 
Kg. 71. double refraction, let ua suppdao 

that a rhomb of Iceland spn i> 
tamed in a lalhe to the Ibrm <£ 
a ^ere, as shown in fig. TJ-, 
A X being the asis of both the 
rhomb and the sphere. 

If we Do w make a ray pan aknf 

the axis A X, after grinding or 

polishing a small flat surfiice at 

A and X, peqeodicular to AX, we Sith find that there is no 

dcslble refraction ; the ordinary and eztraordinaiy ray forming 

a angle ray. Hence, 

The mdex of refractioD along ) 1-654 for ordinary lay. 

the axis A X will be - } 1-654 for extraordinary i^ 

CKWO difierence. 
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If we do the same at any point, a, alxMit 45^ fiom the azif, 
we shall have 

The index of refraction along the line ^ 1-654 fi>r ordinary ray. 
R a 6 O, which is nearly perpen- > 1-572 for eztnuMrdinaiy 
dicular to the face €i the rhomb, ) ray. 

0.062 difference. 

If we do the same at any point of the equator C D, in- 
clined 90^ to the axis, we shall have 

The index of refraction per- ) 1*654 for ordinary ray. 
pendicular to the axis, ^ 1.483 fi}r extraordinary ray. 

0-171 difference. 

Hence it fellows that the index of extraordinary refraction 
decreases from the axis A X to the equator C D, or to a line 
perpendicular to the axis, where it is the least The 
index of extraordinary refraction is the same at all equal 
angles with the axis A X ; and hence, in every part of a cir- 
cle described on the surface of the sphere round the pole A or 
X, the index of extraordinary refraction has the same value, 
axid ccmsequently the double refraction or separation of the 
rays will be the same. In crystals, therefore, with one axis 
of double refraction, the lines of equal double refraction are 
circles parallel to the equator or circle of greatest double 
refraction. 

The celebrated Huygens, to whom we owe the discovery 
of the law of double refraction in crystals with one axis, has 
given the following method of determining the index of ex- 
traordinarv refraction at any point of the ^here, when the 
ray of light is incident in a plane passing through the axis of 
the crystal AX: — 

Let it be required, for example, to determine the index of 
refraction for the extraordinary ray Rab, Jig. 77., A X being 
the axis, and C D the equator of the crystal ; the ordinary 
index of refraction being known, and also the least extra- 
ordinary index of refraction, or that which takes place in the 
equator. In calcareous spar these numbers are 1*654 and 
1.483. From O set off in the lines O C, O D continued, O c, 
Od, eo that OCorODis toOcorOrfas -j-.ttt ^ to j.^^s^ 
or as *604 is to *674 ; and through the pomts A, c, X, d, draw 
an ellipse, whose greater axis is cd, and whose lesser axis is 
A X The radius O a of the ellipse will be what is callec| 
the reciprocal of the index of refraction at a ; and as we can 
find O a, either by projecting the ellipse on a large scale, or 
by calculation, we have only to divide 1 by O a to have that 
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index. In the present case O a is -68^ and .^ is equal to 
1*572, the index required. 

As the index of extraordinary refraction thus found always 
ditnmishe&from the pole A to the equator C D, and is alw&5^ 
equal to the index of ordinary reaction minus another 
quantity depending on the difference between the radii of the 
circle and those of the ellipse, the crystals in which this 
taJces place may be properly said to. have negative douUe 
refraction. 

In order to determine the direction of the extraordinary 
refracted ray, when the plane of incidence is oblique to a 
j>Iane passing through the axis, the process, either by projec- 
tion or calculation, is too troublesome to be given in an ele- 
mentary work. 

In everjr case the force which produces the double reirad- 
tion exerts itself as if it proceeded iix»n the axis* 

Every plane passing tlunough the axis is called a primcifdl 
Motion of the crystal 

On ihe Law of Double Refraction in Crystals toith one 

Positive ^xis, 

(94.) Amon^ the crystals best fitted for eidiibiting the 

phenomena of positive double refraction is rock cryshd or 

quafttf a mineral which is .generally found in six-sided 

Fif. 78. P^sms, like fg, 78., terminated with six-sided pyra* 

^ ' mids,£,F. 
vjK If wd now grind down the summits A and X* 

y VV and replace them by faces well jaolished, and per* 
pendicular to the axis A X ; and if we transmit a 
^ ray through these feces, so that it ma^ pass along 
the axis A X, we shall find that there is no d6uble 
refraction, and that the index of refraction is as 
^ follows: — 

Index of refraction along ) 1*5484 for ordinary ray. 
the axis AX - - ^ 1*5484 for extraordinary ray 

0*0000 difference. 

If we now transmit the ray perpendicularly through the 
parallel faces £ f*, which are inclined 38° 20' to the axis A X 
the plane of its incidence passing through A X, we shall 
obtain the following results : — 



^sV^ 



S«CTi.mid -" . J 1-5544 for extraoPdinwy 



nj. 



00060 difference. 



^4 XTH* 



' A X (IM imta of 
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if tiw 




^ f 1-5484 for apcUmjr n^ 
^ ^•'^582 for eztnusdinaij 




O*0uu9 difiercnce. 

H^eo it anpewfl OHit IB fwcrto the M«k «r •xtHMtdinArr 
ivfnctiQii wcreamt from the pol« A to th« equator C I^ 
wliMvas it Umimtikid m etlcareous spar, aikl tbe eztiaoiii- 
marj my Bfipmn to be dnmm to the axis. 

m tWB case the vanatJon of the index of eEtraoi^arr 

rcfis^DB will he j e proe c nic i d >hy am empM,Ae X<j^ whose 

JV.79. gteaAer axis Ci^cides wkh the axis 

A X ef doiihle reftactkm, ae in jEr. 
79^ and OC win he toOcast^ 
j? to T.,J^ or ae -6458 is to -Wia 
By determining, therefore, the radiua 
Oa of the ellipse lor ai^ lay Rfto, 
and dividinff 1 hy it, we i^iall have 
t]}e index of eztnuvdnEiary refeactieii 
for that ray. 

As the index of extraordinary refraction is always eonal 4e 
the index of ordinary refraction, plus another queasy de- 
pending on ttie dif^renoe between the radii of te cifele aad 
tbe ellipse, thci crystals in which this tal^ i^Me m^ ye p er iy 
be said to have positive double refraction. 

Oh Oystofo wvOl ttoo Axes qfDoutHe Rqfiractum. 
(95.) The great variety at crystal^ whetlier Ihey eie 
mineral bodies or chemical suhstancei^ hay* t^iro axae of 
double refraction, or two directions kdiaei te eaeb ettar 
along which the douUe refiaietioa is noAmg. Ttm ftwfmij 
ofpoaBessing two axes of donUe refiac^ioa X das c e v e ied & 
1815, and I found that it belonged to all the eiystab whidi 
are Included in the prioaatic li^stem of Mobs, or whoee 
primitive forms are, 

A right prina, base s rectangle. 

base a rhooib. 

base an obUque paraUelofram. 



GbUqoepmiii, base a rectangle. 
" ■ " " " - ■' bwemi^ombk 
■■ V ' — — bsseaeobfaUHi ftsmXMbgMm. 
OGtoheoroiw base a rartm^ls 
' " bane a rhomk 
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Ib ftU tiMM frinalive ibrms tfaene is not* •wngit pw^emi" 
BODt line or axis «bout wkich the fiffure is synmimcaL 

The foUowing is a list ^ some of the most iniportsnt crys- 
tals, with their primitive fatmB according to Hauy, and tke 
inclinatioa of the two lines or axes along which there is do 
douhle refraelioB:— 

Glauberite - - - 2^ or 9^ Obliaae prism, hase a rhomb. 

Nitrate of potash • 5^ SCK Octohedron, base a reotang^le, 

Arraffonite - - - 18 18 Octohedron, base a rectangle. 

Sulphate of barjrta • 87 42 Right prism, base a rectangle. 

Mica • . • • - 45 Right prism, base a rectangle. 

Sulphate rf lime - 60 j ^^«^j^;^^ "* ^^^"^ 

Topas .... 65 Octohedron, base a rectangle. 
Carbonate of potash 80 80 Primatic system of Mohs. 
Sulphate of iron • 00 Oblique prism, base a rhomb. 

In crystals with one axis of double refraction, the axis has 
the same position whatever be the color of the pencil of light 
which is used ; but in crystals with tu>o axes^ the axes change 
their position according to the color of the light employed, so 
that the inclination of the two axes varies with differently 
colored rays. This discovery we owe to Mr. Herschel, who 
&und that in tartrate of jtotaak nnd soda (Rochelle salts) 
the inclination of the axis for violet light was about 56^, 
while in red light it was about 76^. In other crystals, such 
as niire, the inclination of the axes for the violet rays is 
ftesiXer than for the red rays ; but in every case the line 
joioiBg the extremity of the axes for all the different rays Is 
a straight line. 

In examining the properties of Glavberiie, I foun4 that it 
had two axes for red light inclined about 5^ and only one 
mxis for violet light. 

It was at &nBt supposed that in crystals with two axes, one 
sf the ngrs was refracted according to the cntlinary law of the 
sinei, and the other by an extraonSnary law ; but Mr. Fresnel 
has shown that both tiie rays are re&acted according to laws 
of SKtraoiidinary refraction. 



On Crystals toith innvmeraUe Axes of Double Refraction. 

(96.) In the various douUjr refracting bodies hitherto men- 
tioned, the double refraction is related to one or more axes; 
but I have found that in analdme there are ee^F^ral planea^ 
alonff which if the rafraetod nj passes, it will not saSet 
doaUs refraction, however various be the directions m which 
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it 18 iiioid«Ht Henoe we may consider each of tiieee planet 
as CQotaming^ aa infinite nomlier of axes of doable r^ractioiit 
or. imtber liMs in which there is no douUe refraction. When 
the ray is incident in any other directioQ, so that the refracted 
Mj is not in one erf* these planes, it is divided into two rays 
hy donUe refiractioQ. No other sabstanee has y^ been feond 
possessing the same prqterty. 

On Bodies to which DoMe Refractum matf be communicated 
by Heatf rapid Cooling, Preisure, and Indvratidn, 

(97.) If we take a cyliader of glass* C D, fyr- 80., and 
Fif, 80. having brought it to a red heat, roll it along a plate 
of metel upon ks cylindrical surfiice till it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, BxA it will oecome a cylinder with one positive 
axis of double refraction, A X, coincidii^ with the 
axis of the cylinder, and along which there is no 

■ 1 double refraction. Iliis axis differs from that in 

^^ quartz, as it is a fixed line in the cylind^, while it 
'^ is only a fixed direction in the quartz ; tnat is, any 
other line parallel to A X, Jis[, 80., is not an axis of double 
refhiction, but the double refraction along that line mcreases 
as it approaches the circumference of the cylinder. The 
double refiraction is a maximum in the direction C D, being 
equal in every line perpendicular to the axis, and passing 
Uurou^h it 

14 mstead of heating the glass cylinder, we had placed it 
in a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired the very same dtmbly refracting struc- 
ture when the host had reached the axis AX; but this struc« 
ture is only transient, m it disappears when the cylinder is 
uniformly treated. 

If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to sc^n the glass, and had placed it in a oold 
fluid, it would have acquirS a transient doubly refractinji^ 
stracturfe as before, when the cooling had reached the axis 
A X ; but its axis of doable refifsction A X will now be a 
negaHoe one, like that of calcareous spar. 

Analogous structures may be produced bv presERire and l^ 
the induration of soft solids, such as anim^ jellies, isinglass, &c 

If the cylinder in tiie preceding explanation is not a circular' 
one, but has its section perpendicular to the axis everywhere, 
an ellipse in place of a circle, it will have two axes of double ' 
refraction. 

In like manner, if we use rectangular plates of glass in- 
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fltefld of cylinders in the preceding experimentg, we nhall have 
plates with tuw pUme$ oi double refraction ; a positive strue*' 
ture being on one side of each {dane, and a negative one on 
the other. * 

If we use perfect spheres, there will be axes of double re- 
fraction along every diameter, and ^oosecpientLy an nifinite 
number of them. 

The crystalline lenses of almost all animals, whether they 
are lenses, spheres, or spherdds, have one or mere axes or 
double refraction. « 

All these phenomena wiU be more fully explained when we 
treat c^ the colors produced by double refraction. 

On Substances with Circular Double Refraction, 

(96.) When we transmit a pencil of li£^ alonff the axis 
A X, Jig, 78., of a crystal of quartz, it suffers no double re- 
fraction; but certain phenomena, which will be afr^warde 
described, are seen along this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He fbund 
that it possessed a new kind of double refraction, and he dis- 
tinctly observed the refraction of the two pencils. This kind 
of double refraction has, from its properties, been called ctr- 
cular; and it is divided into two kinds,— ^lan^ive or rights 
handed, and negative or left-handed. 

The following substances possess this remarkable prqiK 
•rty:— 

Pomtive ISahetaifcee^ Negative Subetancee, 

Rock crystal, oertainlipecl- 
meni. 

Camphor. 

Oil of turpentine. 

Solution of camphor in al- 
cohol. 

Essential oil of laurel. 

Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst posseted in the same crystal both liie positive and 
the negative circular double refraction. This subject will be 
more Mly treated when we come to that of cirailar f^Uar^ 
ization.* 

,- £ : 

*For tlte forniiiUs referring to certain of the articles of this and of Um 
■!jril>«iqunnt chapter, see (in tbe CoUege edition,) Appendijf of Am. ed., 
Cbap. VI. 



Rock crystal, certain wpeei' 

G)ooentrated uvnxp of sugar. 
Essential oil of lemon. 
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cflAP. xvm. 

ON THE POLARIZATION OF UGHT. 

If we transmit a beam of the aim's light through a cinmlar 
aperture into a dark room, and if we reflect it from any cry»> 
talHzdd or unerystallized body, or transmit it through a thin 
piate of either of them, it will be reflected and transmitted in 
the veiT same manner and with the same intensity, whether 
tlie sur&ce of the body is held above or bdk>w the beun, or on 
the right side or left, tjf on any other side of it, pcovided tint 
in all these cases it fidls upon the sur&ce in the same manner; 
or, what amoui^ to the same thmg, the beam of solar li^it 
has the same properties on all its sides; and this is troe^ 
whether it is white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

The same property belon|[3 to light emitted from atsandle, 
or any baming or self-lummous l»dy, and all such light is 
oaQed txnnnum light A section of such a beam of li^ht will 
be a circle, like A C B D, Jig, 81., and we shall distinguish 




the section of a beam ci eoaaaxm. light by a circle with two 
diameters, A B, C D, at right angles to each other. 

If we now allow the same beam of light to fidl upon a 
rtiomb of Iceland tspar, as in Jir. 71., and examine the two 
circular beams O o, £ e, formed by double refraction, we shall 
find, 

1. That the beams O o, E e, have difierent ]»operties on 
different sides ; so that each of them differs, in this respect, 
firom the beam of common light 

2. That the beam O o differs from E e in nothing, e|[cepdnff 
that the farmer Ioslb the same properties fit the sides A' and W 
thai, the latter ha» at the sides C and D', as shown in Jig, 8L ; 
or, in general, that the diameters of the beam, at the extremis 
ties of which the beam has similar properties, are at right 
aurles to each other, as A' B' and C D', tx example. 

M2 
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These two beams, OOfEe^Jig. 81., ire therefore said to 
be p(darizedf or to be beams <A polarized light, because thej 
have ndes or poles of different properties ; uid {dapes passinff 
through the Imes A fi, C D, or A' B', C D', are said to be the 
planes of polarization of each beam, because they have the 
same property, and one which no other ]^ane passing through 
theb^un possesses. 

Now, it is a curious fact, that if we cause the two polarissed 
beams O o, E e to be united into one, or if we produce them 
by a thin plate of Iceland spar, which is not capable of sepai^ 
rating ^them, we obtain a beam which has exactly the same 
properties as the beam A B C D of common light 

Hence we infer, that a beam of common light, A B CD; 
consists of two beaioos of polarized li|fht, whose pluies of po> 
krization, or whose diameters of smiilar nroperties, are at 
riffht angles to one another. If O o is laid upon £ e, it 
will produce a figure like A B C D, and we, therefinre, re* 
present common light by such a figure. If we i^ace O o 
above £ e, so that the planes of polarization A' B' and C jy 
coincide, then we shall have a beam of polarized light twice 
as luminous as either Oo or £e, and possessing eaoictlj 
the same properties ; for the lines of similar ]nroperty in the 
one beam coincide with the lines of simUar |»oper^ in the 
other. 

Hence it follows that there are three ways of converting a 
beam of common light, A ]^ C D, into a beam or beams of po* 
larized light 

i. We may separate the beam of common light, A B C D; 
into its two component parts, O o and £ e. 

2. We may turn round the planes of polarization, A B, C D; 
till they coincide or are parallel to each other. Or, 

8. We may absorb or stop one of the beams, and leave the 
other, which will consequently be in a state of polarisatkxi. 

The first of these methods of producing pdarized light is 
that in which we employ a doubly re&actmg crystal, which 
we shall now consider. 

On the Polarization of Light hy Double Reaction. 

(99.) When a beam Of light suflfers double iffiraction by 
a n^tOive cryetol, as leehmd epar^ Jig. 71., where the ray 
R r is incident in the plane of the principal sectioQ, or, what 
is the same thing, in a plane passing through the axis, the two 
pencils r O, r E are each polarized ; the pkne of polarinLtiop 
of the otdiinry ray, r O, coinciding with the principal section, 
and the pUuM of pcdarization of the extraonliAary ray , r £, bso^f 
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at right uiglee to the principal sectioii. In Jig, 62., if O be 
DMde to denote a section of the ordinary beam r O, J^» 71., £, 
the diamet^ of which is drawn at right angles to tmit of O, 
¥dll represent a section of the extraordinary beam r £. 



^.82. 



Fig, 93. 







If the beam of light R r is incident upon a positive crystal, 
like quartZy O of Jig. 83., will bp the symbol of the ordmary 
ray, and E that of 3ie extraordinary ray. 

The phenomena which arise from this opposite polarization 
of the two pencils may be well seen in Iceland spar. For this 
purpose let A r X be the principal section of a rhomb of Ice* 
land spar. Jig. 84., through the axis A X, and perp»endicular 
to one of the feces, and let A' F X' be a similar section of an- 
other rhomb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, R r, incident perpendicu- 
larly at r, will be divided into two pencils ; an ordinary one, 



J^. 84. 



Fig. Si, $ 








XL 


^ J 


r 


/ H 


/ 




^ / 




.^ 


c 




ii X 


TP 




& 


o 




e 


H 




SL 


£• 




0« 



•* A and an extraordinary one, r C. The ordinary ray Ming 
on the second crystal at G, again suffers ordinary refraction* 
and emerges at K an CNrdinary ray, Oo, represented by the 
symbol O, Jig. 82. In like manner the extraordinary ray, r C, 
fUling on the second crystal at F, again sufiers extraordinary 
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refiraction, and emefges at H an extraontioai^ ray, E e, repie* 
eented by E,^. 82. These results are exactly the same as if the 
two crystals had formed a single cr3rsti^ by being united at their 
surtaces C X, A' G, either by natural cobesioii or by a can^U. 

Let the upper crystal A X now remain fixed, with the same 
ray R r falling upon it, and let the second crystal A' X' be 
turned round §0^, so that its principal section is perpendicular 
to that of the upper one, as shown in fig» 85i. ; then the ray 
r D ordinarily refracted try the first rhomb will be extraordi- 
narily refracted by the second, and the ray r C extraordinarily 
refracted by the first rhomb will be ordinarily refracted by the 
second. 

The pencils or images fcnmed from the ray R r,' in the two 
positions shown in figs. 84. and 85., may be thus described aa 
marked in the figures : — 
O is the pencil refracted ordinarily Xxy the first rhomb. 
E is the pencil refracted extraordinarily by the first rhombi 
o is the pencil refracted ordinarily by the second rhomb. 
€ is the pencil refracted extraordinarily by the second 
rhomb. 

O is the pencil refracted ordinarily by both rhombs in 
J?ff.84. 

E « is the pencil refracted extraordinarily by both riiombs 
in fig. 84 

O e is the pencil refracted ordinarily by the first, and e^r- 
traordinarily by the second rhomb in fig. 85. 

E o is the pencil refracted extraordinarily by the first, and 
ordinarily by the second rhomb in fig. 85. 

In both* the cases shown in figs. 84. and 85., when the 
planes of the principal sections of the two rhombs are either 
parallel, as in fig. 84., or perpendicular to each other, as in 
fig. 85., the lower rhomb is not capable of dividing into two 
any of the pencils which fall upon it ; but m every other po- 
sition between the paratielism and the perpendicmlarity of the 
principal sections, each of the pencils formed by the first 
rhomb will be divided into two by the second. 

In. order te explain the appearances in all intermediate po- 
sitions, let us suppose that the ray R r proceeds from a round 
aperture, like one of the circles at A, fig. 86., and that the 
eye is placed behind the two rhombs at H K^fig. 84., so as to see 
the images of this aperture. Let the two images shown at A, fig. 
86., be the appearance of the aperture at R, seen through one of 
the rhombs by an eye placed behind C D,JJfl-. 84., then ^ ^. Sa, 
will represent the ima^ seen through toe two rlK»nl» m the 
position in fig, 84., their distance being doubled, firom sufi^oring 
the same quantity of doutde refraction twice. If we now turn 
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tiie second rhomb, or tbat netrett the eye, &om left to rifffat, 
two fiunt images will i^ypear, as at C, between the two l^ht 
whidi will now be a little fiui^er. By continuiDg to 

Fig. 86. 
ABCDEFGHIK^ 






tarn, the fiMir images will be all equally luminous^ as at D ; 
they will next appear as at £ ; and when the second rhomb 
has moved round 90°, as in /^. 85., there will be only two 
images of equal brightness, as at F. Continuing to turn the 
seoSid' rhomb, two /aint images will appear, as at G ; by a 
fiuther rotation, they will be all equally bright, as at H ; 
fiirther on they will become unequal, as at I ; and at 180^ of 
revolution, when the planes of the principal section are again 
parallel, and the axes A X, A' X' at right angles nearly to 
each other, all the images will coalesce into one bright image, 
as at K, having douMe the brightness of either of those at A^ 
B, or F, and four times the brightness of any one of the four 
at D and H. 

If we now Mow any one of the inuiges A, B from the po- 
ntion in Jig. 84., where the principal sections are inclined 0° 
to one anower, to the position in ^. 85., where it disappears 
at F, we shall find that its brightness diminishes as the square 
of the cosine of the angle formed by the principal sections^ 
while the brightness of any image, from its appearance be- , 
tween B and C, fig, 86., to its greatest brightness at F, in- 
creases as the square of the sine of the same an^le. 

By considering the preceding ^^enomena it will appear, 
that whenever Sie plane of polarization of a polarized ray, 
whether ordinary or extraordinary, coincides with or is pajrallel 
to the principal secti(»i, the ray will: be refracted ordmarUy ; 
and whenever the plane of polarization is perpendicular to 
the principal section, it will te refracted extraordinarily. In 
all intermediate positions it will sufier both kinds of refraction, 
and will be doubly refracted ; the ordinary pencil bein^ the 
brightest if the plane of polarization is nearer the position of 
parallielism than that of perpendicularity, and the extraordi- 
nary pencil the brightest if the plane of polarization is nearer 
the position of perpendicularity than that of parallelism. At 
equal distances from lioth these positions, the ordinary and ex- 
traordinary images are equally bright 
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(lOOl) It does not appear fion tbe precedotf exparknente 
thi^ tbe pokrizatioD of the two peoeils is the e&ct of any po- 
krizing force resideot in the ledand spar, or of any cmi^ 
produi^ upon the light The Iceland epax has merely sepa* 
rated the common light into its two elements, according to a 
different law, in tbe same manner as a prism saparates all 
the seven colois of the spectrum from the compound white 
beam by its power of refractmg these elementary colors in 
diiferent de^ees. The re-imion of tbe two oppositely po- 
larized pencils produces common light, in the same maimer as 
the re-union of all the seven colors produces white light. 

.The method of producing polarized light l^ double refrac- 
tion is of all others the best, as we can procure by this means 
fibm a given pencil of light a strongs polarized beam than in 
any otber way. • Throu^ a thickness of tAree inches of Ice- 
Imd spar we can obtain two separate beams of pdariaed light 
one third of an inch in diameter ; and each oif these beams 
contains half the li|^t of the original beam, ezcep^g the 
saaall quantity of li^t lost by reflexion and absorption. By 
sticking a black wafer on the spar opposite either of these 
beams, we can procure a pdarized beam with its plane of po- 
larization either in the principal section or at right angles to 
it In all experiments on thk subject, tbe reader should re- 
collect that every beam of pokrized light, whether it k pro- 
duced by the minary or the extraordinary refraction, or by 
positive or negative crystals, has always tlie same propertiesi 
provided the i^me of its pokrixatioa has the same directian. 



CHAP. XDL* 

OR THB VOhAJBLTLKTlOV OT LIGHT VT KKVLBXIOir. 

(101.) In the year 1810, the celebrated French philosopher 
M. Mains, while looking through a prism of calcareous spar 
at the light of the settin|^ sun reflected from the windows oi 
the Luxembourg pakce m Paris, was led to the curious dis- 
covery, that a beam of light reflected from gltiss at an angle 
of 56°, or from uniter at an. angle of 53°, possessed the verv 
same properties as one of the rays formed by a rhomb of cal 
careous spar ; that is, that it was wholly polarized, having its 
plane of pdarization coincident with or parallel to the plane 
of reflexion. 

*» For the formuls relating; to this chapter, see (in the College editioaO 
Appendix of Ani. ed^ Chap. VI. 
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l!%iB mo^ carious and important heft, which he foond to be 
true when liie light was reflected from all other transpareBt 
or opaque bodies, excepting metals, gave birth to all those dm- 
eoreries which have, in our own day, rendered tiiis branch of 
knowledge one of the most mteresting, as well as one of the 
most pemct, of the physical seiences. 

In ofdo: to explain this and the other discoveHes of MakH^ 
let G J>, Jig. 87., be a tube of brass or wood, hayinff at one ead 
of it a plate of glassy A, not quicksilvered, and capable ef 

Fig.9T. 




turning round an axis, so tiiat it may fbrm different angles 
with me axis of the tube. Let D G be a similar tube a httia 
smaller tiian the oti^r, and carrying a sn&ilar plate of ^lass R 
If the tube D G is pushed into D, we may, by tummg the 
one or the other round, place the two glass plates in any po- 
sition in relation to one another. 

Let a beam of light, R r, from a candle or a hole in the 
wkidoWHahutter, fall upon the glass plate A, at an angle of 56^ 
^' ; and let the glass be so placed that the reflected ray r s 
may pass along the axis of the two tubes, and &11 upon the 
second plate m glass B at the pdnt s. If the ray r s iklis 
upon the second plate B at an angle of 56° 45^ also, and if the 
^ane of redezion from this plate, or the plane passing through 
9 E and s r, is at right angles to the plane (x reflexion from 
the first j^ate, or the plane passing through r R, r s, the ray r s 
will not suffer reflexion from B, or will be so iunt as to be 
scarcely visible. The very same thing will happen if r s is a 
ray polarized by double refracti(»i, and having its plane of po- 
larization in the plane passing through r R, r s. Here then 
we have a new property or test of polarized liffht, — that it 
will not su^r reflexion from a plate of glass B, when incident 
at an an^le of 56^ 45', and whea the pluie of incidence or re- 
flexion IS jit right aisles to the plane of polarization of the 
ray. If we now turn round the take DG with the plate 8» 
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witlMwl moYiiqf the Idle CBr^ hot reiedea Jigr«£wiU 
heeooM bri^iter and brigbiter till the tube hte bcea tivnid 
found 90®, when the pkoe ef ^eiexioB kom B it eoiaddeet 
wkh or jpenillcl te that ffom A. In this pQaitia& te reflect 
my « £ M bnghtest % eoBthmnf totum thetttheBGitlM 
ray 8 E becomei &inter and fiuolW) ttU, alter heing tinned W 
Mber, the lay « E is fitmteat, er aeariy vaaishei^ wbidi hi^ 
pane when the plane of retedoB £«■ B » perpeadioular to 
th^fromA. Aftera&rtberielatifliiaf 90^,theni7«£vaU 
recover its greatest briffhtness ; mad when, l^ a still futfaer 
rotation of 90^,ihe tube D 6 and plate B are biooght beck iots 
their first position, the ray # £ will acain diaa]^pear. Thest 
eflhcts may be arranged in a table, as Sdlows : — 



dr !>• t\kmm rf U» two r«l*«io—, or 
pMw»y*—dr«<,fM>»':th»iiftlWplwi»r«K. 






Ikrttlalo o( bri|btMC« of Um !■!••• «v nr « > ninM 
ftwn the Mcoad ptato B. __^ 



At aofflea between W> and IfO^ 

At a^lM lictwm 1800 and ^700 ] 

tTOO 

At anfles between 270^ and 300^ . 

MOOorOO 

At aaglee between Qo and'SOO . . 
90O 



tkarcttly visible , 

Yhe image growa^righter and brij^rter 

Rrigbtest 

The image irrowt fiiifiter and fainter 

Scarcely visible ^ 

Tht« ima^growibrigfater and Mf Met 

brightest 

The image grows fainter and fointer 

Scarcely visible 



If we mtm sidHtitute in place of the ray r < ooe of the po- 
larized ray» or beams hemedhy IceUnd spar, e» that its phias 
of pdarization is in the pkne R r «, k wm experience ftfao 
Teiy same changes as the ray Rr does when pi^irized hf re* 
iexion from A at an an^ ef 56^ 4^. Hence it is manifest^ 
that a ray reflected at 56^ 45' from glass has all the pn^ertili 
of pdaris^ light as pcodoeed by d^ble rdraetion. 

(103.) hi the preceding ebsenmtions, the n^ R r is sap' 
poeid to be reflected only from the first snr&ce of the ^a«; 
but Mdos finmd that the light r^ect«d from the secoM sf»^ 
6ce of th« glass was polarized at the same time with that re- 
flected from the first, although it di>v]biisly suiFers reflexiofi ^ 
a difi^-eat angle, viz. at an U3gle equal to the angle of feiEae- 
tion at the first surfiice. 

The angle of 56° 46^, at which light is pokHaed by w- 
flexion from gkas, is called its nwximiira pdarizing angle, bs- 
caiwe the neatest quantity of lig^ is pc^rized at that aode. 
When the light was reflected at angks gte«ter or less thsn 
S0P 45^, Mains Ibund that a portion <^ it only was polariseiif 
the remaining portion pos Des e mg all the properties (^oemnsa 
li^ The pcdaartzed portion dimmished as the Mg^e cf M- 
<tencei«0ttded on either sMle from 56° 45^, and wae nothing at 
0°, <» a perpendicular ineidcoce, and akK> nothing at 90c,«r 
the iBOrt obiiqne jmadsftaa. 
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In continuing his experiments on this subject, Malus &und 
that the angle of maximum polarization varied with different 
bodies ; and, after measuring it in various substances, he con- 
cluded that it follows neither the order of the refractive 
powers nor that of the dispersive potters, but that it is a prop- 
erty of bodies independent of the other modes of action which 
they exercise upon light, Ailer he had determined the angles 
under which complete polarization takes place in difierent 
bodies, such as ^lass and water, he endeavored to ascertain the 
angle at which it took place at their separating surfaces when 
they were put in contact In this inquiiy, however, he did 
not succeed; and he remarks, *Hhat the law according to 
which this last angle depends on the first two remains to be 
determined." • 

If a pencil or beam of light reflected at the maximum po- 
larizing angle from glass and other bodies were as completely 
polarized as a pencil polarized by double refraction, then the 
two pencDs would have been equally invisible when reflected 
firom the seccmd plate, B, at the azimuths 90° and.27Q*^ ; but 
this is not the case : the pencil polarized by double refraction 
vanishes entirely when it passes throu£fh a second rhomb» even 
if it is a beam of the sun's direct light ; whereas the pencil 
polarized by reflexion vanishes only S its light is &int, and if 
the plates A and B have a low dispersive power. When the 
sun*s light is used, there is a large quantity of unpolarized 
light, and this unpolarized light is greatly increased when the 
plates A and B have a high dispersive power. This curious 
and most important fact was not observed by Malus. 

A very pleasing and instructive variation of the general ex- 
periment shown m fg. 87. occurred to me in examining tliia 
subject I^ when the plates of glass A and B have the position 
^own in the figure where the luminous body from which the ray 
9 E proceeds is invisible, we breathe gently upon the plate B, 
the ray s E will be recovered, and me luminous body from 
which it proceeds will be instantly visible. The cause of this 
is obvious : a thin film of water is deposited upon the glass by 
breathing, and as water polarizes light at an angle of about 
53° 11', the glass B* should have been inclined at an angle of 
53° 11' to the ray r s, in order to be incapable of reflecting the 
polarized ray ;* but as it is inclmed 56° 45' to the incident ray 
r «, it has the power of reflecting a portion of the ray r s. 

If the glass B is now placed at an angle of 53° 11' to the 
ray r «, it will then reflect a portion of the polarized ray r » to 

* We neglect the consideration of the ■eparating nirflice of the water 
and glass, and suppose the glass B to be opaque. 

N 
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the eye at E ; but if we breathe npon the glass B, the re- 
flected light will disappear, because the reflecting sur&ce is 
now water, and is placed at an angle of 53° 11', the polarizi^ 
angle for water. If therefore we place two glass plates at n, 
the one inclined 56° 45', and the other 53° 11', to the beam 
r 8j sufficiently large to fidl upon both, the luminous object 
will be visible in the one but not in the other ; but if we 
breathe upon the two plates, we shall exhibit the paradox of 
reviving an invisible miage, and extinguishing a visible one 
bv the same breath. This experiment will be more striking 
if the ray r 5 is polarized by double refraction. 

On the Law of ike Polarization of Light by Reflexion, 

riOS.) From a ver^ extensive series of experiments made 
to determine the maximum polarizing angles of various bodiei^ 
both solid and fluid, I was IckI, in 1814, to the £^owing simj^ie 
law of the phenomena : — 

The index of refraction is the tangent of the angle of po- 
larization. 

In order to explain this law, and to show how to find the 

Elarizing angle for any body whose index <^ refraction Is 
K>wn, let M N be the surface of any transparent body, sudi 
as water. From any point, r, draw r A perpendicular to M N, 
J^. 88. fig* 88., and round r as a centre de- 

scribe a circle, M A N D. From A 
draw A F, touching the circle at A, 
and from any scale on which A r is 1 
or 10 set off A F equal to 1*336 or 
13*36, the index of refraction for vniter. 
From F draw F r, which will be the 
incident ray that wilLbe polarized \j 
reflexion from the water in the direc- 
tion rS. The an^le ArR will be 
58° 11', or the angle of maximum polarization for water. 
^^This angle may be obtained more readily by looking for 1*396 
m the column of natural tangents in a book of k^farithma^ 
and there will be found opposite to it the corresponding angle 
of 53° 11'. If we calculate the angle of refraction T r D, 
corresponding to the angle of incidence A r R, or determine 
it W projection, we shall find it to be 36° 49*. 

From the preceding law we may draw the following con- 
clusions : — 

1. The maximum polarizing angle, for all substances what- 
ever, is the complement of the angle of refraction. Hius, in 
water, the complement of 36° 49' is 53° 11', the polarizing 
angle. ^ ^ 
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2. At the polarizing an^le, the sum of the angles of inci- 
dence and refraction is a right angle, or 90^. Thus, in water* 
the angle of incidence is 53^ 11', and that of refraction 9^ 
49', and their sum is 90°. 

3. When a ray of light, R r, is polarized by reflexion, the re- 
flected ray, r S, forms a right angle witl^ the refracted ray, r T. 

When light is reflected at the second sur&ce of bodies, the 
.law of polarization is as follows : — 

The index of refraction is ike cotangent of the angle qf 
polarization. 

In order to determine the angle in this case, let M N be the 

second surface of any body such as water. From r draw r A 

Rg. 89. perpendiciUar to M N, fig. 89., and 

round r describe the circle M A N D. 

From A draw A F, touching the circle 

at A, and upon a scale in which r N is 1 

take A F equal to -7485, that is to j-^n 

the reciprocal of the index of refraction,'' 

and from F drawFr ; the ray Rr wDl be 

polarized when reflected in the direction 

rS. The maximum polarizing angle 

A r R will be 36° 49', exactly equal to 

the angle of refraction of the flrst surface. Hence it follows^ 

1. That the polarizing angle at the second sur&ce of bodies 
is equal to the complement of the polarizing angle at the first* 
or to the angle of refraction at the first sur&ce. The reason 
is, therefore, obvious why the portions of a beam of light re- 
flected at the first and second surfaces of a transparent paiall^ 
plate are simultaneously polarized. 

2. That the angle which the reflected ray r S forms with 
the refracted ray r T is a right angle. 

The laws of polarization now explained are applicable to 
the separating sur&ces of two media of diflfereht refractive 
powers. If the uppermost fluid is water, and the undermoci 
^lass, then the index of refraction of their separating surfiice 
IS equal to yif^|, to the greater index divided by the lessei^ 
which is l*14l5. By using this index it will be found that the 
polarizing angle is 48^ 47'. 

When the ray moves from the less refractive substance 
into the greater, as from water to glass, as in the preceding 
case, we must make use of the law and the method above ex- 
plained for the first surface of bodies; but when the ray 
moves from the ^eater refractive body into the less, as firom 
oil of cassia to glass, we must use the law and method for the 

second surfiice c^ bodies. 

I — — 

* The tangent of an angle to radiu 1, ii tlw reciprocal of the eotongent. 



148 ▲ TBSATI8S ON OPTICS. PABT n 

If we lay a parallel stratum of water upon gflaas whoee 
index of refraction is 1*508, the ray reflected from the refract- 
ing surfaces will be polarized when the angle of incidence 
upon the first sur&ce of the water is 90^ 

(104.) The preceding observations are all applicable to 
white light, or to the most luminous rays of the spectrum ; 
but, as every different color has a different index of refraction, 
the law enables us to determine the an^Ie of polarization for 
every difierent color, as in the followmg table, where it is 
supposed that the most luminous ray of the spectrum is the 
mean one; — 



Watdi 



Red rays 



Mean rays 
Violet rays 
% Red rays 
Plats Glass J Mean rays 

Violet rays 
i Red rays 
Oil of Cassll •? Mean rays 
f Violet rays 



Index of 

Rafrao 
Ikuk 



Mazlmoai 
FoteriilBg 
Angto. 



1-330 530 4' 
1-33653 11 
1-34253 19 
1-51556 34 
1-52556 45 
1*53556 55 
1-59757 57 
1-64258 40 
1-687 59 21 



DifleicBce bet' 
the fmrteat and 



w 



21' 



10 24' 



The circumstance of the different rays of the spectrum 
being polarized at different angles, enables us to explain the 
existence of unpolarized light at the maximum polarizing 
angle, or why the ray s E, in Jig. 87., never wholly vanishes. 
If we were to use red light, and set the two plates at angles of 
56^ 34', the polarizing angle ofglass for red u^ht, then the pen- 
cU s E would vani^ entirely. But when the light is white, and 
the angle at which the plates are set is 56^ 45', or that which 
belongs to mean or yellow rays, then it is only the t/eiUow rays 
that will vanish in the pencil « E. A small portion of red and 
a small portion oi violet will be reflected, because the glasses 
are not set at their polarizing angles; and the mixture of 
these two colors will produce a purple color, which will be 
that of the unpolarized light which remains in the pencil s R 
If we place the plates at the angle belonging to the red ray, 
then the red only will vanish, and the color of the unpo 
krized light will be bluish green. If we place the plates at 
the angle corresponding with the blue light, then the blue 
only will vanish, and the unpolarized light will be of a reddish 
cast hi oil of cassia, diamond, chr ornate of lead, realgar, 
specular iron, and other highly dispersive substances, the coloi 
of the unpolarized liffht is extremely brilliant and beautifid 

Certain doubly refracting crystals, such as Iceland spar 
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ehrcmate of lead^ &c*f Jiave difl^rent polarizing angles on di& 
ferent sar&ces, and in different directions on the same 8iu> 
fiice ; but there is always one direction where the polariza- 
tion is not affected by the doubly refracting force, or where 
the tangent of the polarizing angle is equu to the index of 
oirdinary refraction. 

On the partial Polarization of Light hy Reflexion. 

(105.) If, in the apparatus in fig, 87., we make the ray R r 
fim upon the plate A at an an^le greater or less than 56^ 45', 
then the rajr s £ will not vanish entirely ; but, as a consider- 
able part of it will vanish like polarized light, Malus called it 
[partially polarized light, and considered it as composed of a 
portion of light perfectly polarized, and of another portion in 
the state of common light He found the quantity of pdar* 
^ed li^ht to diminish as the angle of incidence receded from 
that oimaximum polarization. 

M. Biot and M. Arago also maintained that partially polar- 
ized light consisted partly of polarized and partly of common 
light ; and the latter announced that, at regular angular dis- 
tances above and below the maximum polarizing angle, the 
reflected pencil contained the same proportion of polarized 
light In St. GoUn^s glass he found that the same proporticm 
pf light was polarized at an angle of incidence of o2° 48' as 
at 24^ 18' ; in water he found that the same proportion was 
polarized at 16° 12' as at 86° 31' ; but he remarks, " that the 
mathematical law which connects the value of the quantity of 
polarized light with the angle of incidence and the refractive 
power of the body has not yet been discovered." 
, In the investigation of this subject, I found that though 
there was only one an^le at which light could be completely 
polarized by one reflexion, yet it might be polarized at any 
angle of incidence by a sufficient number of reflexions, an 
shown in the following Table. 



BELOW THE 


POLARIZINO ANGLE. 


ABO re THE 


POLARIZING ANGLE. 


Ha or 


Kt^lm « whidt the Ufht 


Ko.»t 


Angto Bt whkh tiM Ii|^t 


KeAexlona. 


ia nohirtnd. 


Beflexlons. 


lapolariMd. 


1 


56° 45' . 


1 


560 45' 


2 


50 26 


2 


62 30 


3 


46 30 


3 


65 33 


4 


43 51 


4 


67 33 


5 


41 43 


5 


69 1 


6 


40 


6 


70 9 


7 


38 33 


7 


71 5 
71 51 


8 


37 20 


8 
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In polarizing light by successive reflexions, it is not neces* 
■uy that the reflexions be peribrmed at the same angle. 
Some of them may be above and some below the polariinng 
angle, or all the reflexions may be perfcMmed at different 
angles. 

From the preceding ftcts it follows as a necessary conse- 
quence, that partially polarized light, or lifht reflected at an 
anffle different from the polarizing angle, has suffered a physi* 
cafchange, which enables it to be more easily polarized l^ a 
subsequent reflexion. The light, for example, which remauui 
unpolarized after five reflexions at 70S in place of being com- 
mon light, has suffered such a physical change that it is capa^ 
ble of being completely polarized by one reflexion more at 70^. 

"Hiis view of the subject has been rejected by M. Arago, as 
incompatible with experiments and speculations of his own ; 
and, in estimating the value of the two opinions, Mr. Herschel 
has rejected mine as the least prQbable. It will be seen, how- 
ever, from the following facts, that it is capable of the most 
rigorous demonstration. 

It does not appear, from the preceding inquiries, how a beam 
of common Jight is converted into polarized light by reflexion. 
By a series of experiments made in 1829, 1 have been able to 
remove this difficulty. It has been long known that a polar- 
ized beam of light has its plane of polarization changed by re- 
flexion from bodies. If its plane is inclined 45^ to the plane 
of reflexion, its inclination will be diminished by a reflexion at 
80S still more by one at 70°, still more by one at 60° ; and at 
the polarizing angle the plane of the pokrized ray will be in 
the plane of reflexion, the inclination commencing again at 
reflexions above the polarizing angle, and increasing tifi at 0°, 
or a perpendicular incidence, the mclination is again 45°.* 1 
now conceived a beam of common light, constituted as in Jig. 
81., to be incident on a reflecting sunace, so that the plane of 
reflexion bisected the angle of 90° which the two planes of 
polarization, A B, C D, formed with each other, as shown io 
Jig, 90., No. 1., where M N is the plane of reflexicm, and 
Ao, C D the planes of polarization of the beam of white 
lieht, each inclined 45° to M N. By a reflexion from glassy 
where the index of refraction is 1*525, at 80°, the inclinaiioa 
of A B to M N wiU be 33° 13', as in Na 2., instead of 45°; 
and in like manner the inclination of C D to M N will bo 33° 
13', in place of 4 5° ; so that the inclinaticm of A B to C D in 

* Tbe ru1« for finding the inclination is tbii .—Find tbe sum of tbe anflw 
of inddance and refraction, and alao their difference ; divide tbe cosine of 
the former by the cosine of the latter, and tbe quotient will be tbe tangent 
of tbe inclination required. 
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place of 900 18 660 », as in Na 2. ^^ ^ incidence of 66» 
the inclination of A B to C D will be 25<> 96', as in Na a ; 
ind at the polarizing angle of 56^ 45' 4he planes A B, C D of 
the two beams will be parallel or coincident, as in Na 4. At 
incidences below 56^ 45' the planes will again open, and their 

No. 3. No. a 







inclination will increase till at 0^ of incidence it is 90^, as in 
Na 1., naving been 25^ 96' at an incidence of about 48^ 15', 
as in Na 9., and 66° 26' at an incidence of about 90^, as in 
Na2. 

In the process now described, we see the manner in which 
common fiffht, as in No. 1., is converted into polarixed lights 
as in Na 4, by the action of a reflecting sunace. Each of 
the two planes of its component polarized beams is turned 
round into a state of parallelism, so as to be a beam with only 
one plane of polarization, as in No. 4 ; a mode of polariza- 
tion essentially different in its nature from that of double re- 
fraction. The numbers in Jig, 90. present us with beams of 

Srht in different stages ofpolarizatum from common light in 
a 1. to polarized light in Na 4 In No. 2. the beam has 
made a certain apinroach to polarization, having sufiered a 
phvsical change in the inclination ot its planes; uid in Na 8. 
It has made a nearer approach to it Hence we discover the 
whole mystery of partial polarization, and we see that par- 
iiaUy polarized light is tight whose planes of polarization 
mre inclined at angles less than 90^ and greater than 0^. 
The influence of successive reflexions is therefore obvious. A 
reflexion at 80*^ will turn the planes, as in Jig, 90., Na 2. ; 
another reflexion at 80^ will bnng them closer ; a third still 
closer ; and so on : and though they never can by this process 
be brought into a state of exact parallelism, as in Na 4 
(which can only be done at the polarizing angle), yet they caa 
be brought infinitely near it, so that the beam will appear as 
completelV polarized ad if it had been reflected at the polar- 
izing angle. The correctness of my former experiments and 
views is, therefore, demonstrated by the precedmg analysis of 
common light 
It is manifest from these views that partially polarized light 
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dots not contain a single ray of compkitdv poUtristed light; 
and yet if we reflect it from the second plate B, in Jig, &7^ 
at the polarizing angle, a certain portion of it will disappear 
as if it were pomriz^ light, a result which led to the mistake 
of Mains and others. The liffht which thus disappears may 
be called apparently polarizea light ; and I have explained in 
another place"" how we may determine its quantity at any 
angle of incidence, and ibr any refractive medium. The fol- 
lowing Table contains some of the results for glass, whoee in- 
dex M refracti(m is 1*525. The quantity of reflected light is 
calculated by a rule given by M. Fresnel. 





iMliMliOB or U!« PhBM 

or PotariaMto^ >▲ B, 
CD.JIr-M. 


QouitUjr or Kflerted 
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anantitr oT puhrlao* 
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0<> 


90° 0' 


43-23 


0- 


iSO 


80 36 


43-41 


7-S3 


40 


47 23 


49*10 


33-25 


56 45' 





79-5 


79-5 


70 


37 41 


162-67 


129-8 


80 


66 26 


391-7 


156*6 


85 


78 24 


616-28 


123-75 


90 


90 


1000- 


0- 



CHAP. XX. 

ON THE POLABIZATION OF LIGHT BT ORDINARY RSniACnON. 

* 

(106.) AurHOUOH it might have been presumed that the 
light refracted by bodies suffered some change, conespondinff 
to that which it receives from reflexion, yet it was not untu 
1811 that it was discovered that the reflticted portion^<^ the 
beam contained a portion of polarized light.! 

To explain this property of light, let R r, Jig. 91., be a 
beam of light incident at a great angle, between 80° and 90°, 
;on a horizontal plate of glass, Na 1. ; a porticm of it will be 
reflected at its two sur&ces, r and a, and the refracted beam 
« is found to contain a small portion of polarized light. 

If this beam a Mia upon a second plate, Na 2., paralld 
to the first, it will suffer two reflexions; and the refracted 
pencil b will contain more polarized light than a. In like 
Boanner, by transmitting it through the plates Nos. »), 4, 5, ami 

*^^— ^^^^— ^^— ■ ■III " ■ I ■■ ■ *^ - II - I ■■■■-—■ I ■■■ ■■ W I ■ I I ■■ ^■^i— ^— ^ 

*See Phil. Trunsactions, 1830, p. 76., or Edinburgh JourruU of Science. 
K«w Series, No. v., p. 160. 

fThis diMoverr wu made by independent oboerration by If akw, Biol^ 
fUid tbt wttiior of (hit work. 
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6., tlie last refiacted pencil, /^, wiU be fouiMi to coonst entirely, 
00 &r as the eye can judge, of polarized light Bat, what it 
very interesting, the hekm fg is not polarized in the plane of 
r^iicticHi or reflexion, but in a plane at right angles to it ; 
that is^ its plane oi polarization is not represented by A' B' 

fig, 91. 




fift. 81., as is the ordinary ray in Iceland spar, or as light 
pdarized by reflexion, but by C ly like the extraordinary 
ray in Iceland spar. Yrom a great number of experiments, 
I lound that the light of a wax candle at the distance of 10 
or 12 feet was polarized at the following angles, by the fel< 
lowing number of plates of crown glass. 



ir«.ornatMo( 

CrawaOlMi. 


Otaeired Aagln at 
which tht Ftadl 
b polarised. 


No.orriatMor 

Crows Olaaa. 


ObMrrcd An^ at 
whtehth«>Mrtl 
iapoiariicd. 


8 
12 
16 
21 
24 


790 11' 

74 
69 4 
63 21 

60 8 


27 
31 
35 
41 
47 


570 10' 
53 28 
50 5 
45 35 
41 41 



It fellows from the above experiments, that if we divide the 
number 41*84 by any number of crown glass plat^ we shall 
have the tangent of the angle at which the beam is polarized 
by that number.' 

Hence it is obvious that the power of polarizing the re* 
fract^ light increases with the angle of incidence, being no> 
thing or a minimum at a perpendicular incidence, or (K', and 
the greatest possible or a maximum at 90^ of incidence. I 
feuna, likewise, by various experiments, that the power of po- 
larizing the light at any ffiven angle increased with the re- 
fractive power of the body, and consequently that a smaller 
number of plates of a highly refracting body was necessary 
than c^a refracting body of low power, the angle of incidence 
being the same. 

As Malus, l^ot, and Arago considered this beams 0, 6, &c., 
before they were completely polarized, na parHally polarized. 
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•ad m caamtimg of a poftion of poluized and aportieii gf 
npolariaed light ; n, on the other oaod, I coBGloded &pm the 
imowiiig leaaooing that the nnpolariased light had so&red a 
physical change, which made h approach to the state cf com? 
plete polarintion, For since sixteen plates are required to 
p^uize completely a beam of li^t incident at an angle of 
69^, it is clear that eight i^ates will not polarize the whole 
beam at the sune angle, bat will leave a piMtion unpolarized. 
Now, if this pcMTtion were absolutely unpolarized like commoa 
light, it would require to pass through other sixteen plates, at 
an an^le ci 60°, in order to be completely polarized ; but the 
truth IS, that it requires to pass through only eight plates to 
be completely polanzed. Hence I conclude that Sie beam has 
been nearly half polarized by the iirst eight plates, and the 
polarization completed by the other eif^t This conclusion, 
though rejected by both the French and Rnglirfi philosophers^ 
is capable of rigid demonstration, aa will appear from the fid- 
lowing ofaBervatioa& 

In order to determine the change which refraction pioduced 
IB the plane of polarization ci a polarized ray, I used pnsmt 
and plates oi glass, phites of water, and a plate of a highly rer 
fiactive metalline glass ; and I found thai a refractii^ sin^Eioe 
produced the greatest change at the most oblique incidence, or 
that <^ 90° ; and that the change gradually diminished to a 
perpendicular incidence, or 0°, wnere it was nothing. I found 
also that the greatest effect produced by a single plate of glass 
was about 16° dO', at an angle of 86° ; that it was 3° 54' at an 
angle of 55°, 1° 12' at an angle of 35°, and 0° at an angle 
of 0°* 

A beam ci common light, therefore, constituted as in J!g, 
9H, Na L, with each of its planes A B» C D indined 45° to 
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No. 8. 



Fig.VSL 



KO.S. 



No. 4. 




the plane of refraction, will have these jdanes opened 16° 99* 

*Tbe rule for finding the inclination after a tingle refraction is ai fol* 
lowi;-i-Pind the difl^rence between the angles of incidence and refiraction, 
and take the cosine of this difference. This number will be the cotangent 
of the indinction required ; and twice Uaa inclination will be the incUna- 
tionof ABtoCO. 
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eachy hy one pkte of glass at an incidence of 80^; that is^ 
tiieir inclination, in place of 90^, will be 128^' IST, as in Na 
2. By the action of two or three plates m(N« they will be 
opened wider, as in Na 3. ; and by 7 or 8 plates thej will be 
<^ned to near 180^, or so that A B, C D nearly comcide, ae 
in No. 4, so as to form a single polarized beam, whose plane 
of polarization is perpendicular to the plane of refraction. I 
have shown, in another place,'*' that these planes can never be 
brought into mathematical ccnncidence by any number of r^ 
fiactions ; but they approach so near to it that the pencil is, to 
all appearance, completely polarized with lij^hts of ordinary 
strength. All the light polarized by refraction is only paiw 
tially polarized, and it has the oune properties as that which 
Is partially polarized l^ reflexion. A certain porticn of the 
Bght of a beam thus partially polarized, will diiBam)ear when 
reflected at the polarizing angle from the idate % fig, 87. ; 
and this quantity, which I have elsewheice mown how to caK 
culate, is given in the following table for a single ntrface of 
glasBf whose index of refraction is 1*525. 
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OcHuUon of the PkBM 
oTPcteriutioilAll^CD, 

Arm. 


OmaUty at tMMBlttid 
Kari oat or MOO. 
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90 26 
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7-22 


40 


92 


950-90 


32*3 


560 45' 
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920*5 


79-5 


70 


98 56 


837-33 


129*8 


80 40^ 


104 55 


608-3 


156*7 


85 


108 44 


383*72 


123*7 


90 


112 58 









Although the quantity of light polarized by reflnctioii, bA 
ipven in the last column of this Table, is calculated by 4 
HMrmula essentially diflereut from that by which the quantit]^ 
of light polarized by reflexion was calculated; yet it is cur 
rious to see that the two quantities are precisely equal tience 
we obtain the following law : — 

When a ray of common light is reflected and refracted W 
any surface, the quantity of light polarized by refraction u 
exactly equal to that polarized by reflexion. 

This law is not at sjl applicaUe to plates, as it appeared to 
be from the experiments of M. Arago. 

When the preceding method of analvsis is applied to th^ 
Ii£^ht reflected by the second surfaces of plates, we obtain thd 
fWlowing curious law : — 

4 See Phil. Traruiaetions, 1830, p. 137., or Edinkurgk Journal if 8iUnc9, 
New Series, No. VI., p. 218. 
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A peneU of light reflected from the second tttrfaces of 
t r an t paren t pkUes^ ana reachmg the eye after two refrao 
ftonff and an intermediate refleanon^ conlaine at all angles of 
incidence^ from Q9 toihe maximum polarizing ongle^ a por^ 
Hon iff light polariated in the plane ofrefiexum. Above the 
poUtrtxing angle^ the part of the pencil polarized in the 
^ane of reflexion dimtnishes, till the incidence becomes 78^ 
T in gisss^ when it disappears^ and the whole pencil has the 
eheracier of common light Above this last angle the pencil 
contains a quantity of light polarized perpendicularly to the 
jUane o/* refisxion^ which increases to a maximum^ and then 
diminishes to nothing at 90°.* 

^107.) As a bundle of glass plates acts upon light, and po- 
knzes it as effectuidly as reflexion from the sur£ce of glass 
tt the polarizing angle, we may substitute a bundle of glass 
plates in the apoaratus, fg. 87., in place <tf'the plates of ^lass 
A, E Thus, if A (Jg. 93.) is a bundle of glass plates v^iich 



mKtm mBwv 5? 



polarises the transmitted ray s t, then, if the second bundle B 
18 placed as in the figure, with the planes of refiraction of its 
plates parallel to the planes of refraction of the plates of A, 
the ray s t will penetrate the second bundle ; and if a t is in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected by the plates of B. If B is now turned round its axis^ 
the transmitted light v w will efradually diminish, and more 
and more light wul be reflected by the plates of the bundle, 
till, after a rotation of 90°, the ray t; to will disappear, and all 
the light will be reflected. By continuing to turn round B; 
the ray v w will re-appear, and reach its maximum brightness 
at 180°, its minimum at 270°, and its maximum at C^, after 
having made one complete revolution. 

By this apparatus we may perform the vert same experi- 
ments with refiracted polarized light that we did with reflected 
polarized light in the apparatus of ^^. 87. 

We have now described two methods of converting com- 
mon li^rht into polarized light : 1st, Bv separating by double 
refiraction the two oppositely polarized beams which constitute 
common light ; and, 2dly, By turning round, by the action of 

* See PhU. Ttmu. 1830, p. 145. ; or Edinburgh Journal tfSdonct, No. VI.. 
p. S34. New BtriM. 
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the reflecting and Teftacting forces, die planes of both these 
beams till they coincide, and thus form light polarized in one 
plane. Another method still remains to to noticed ; namely, 
to disperse or absorb one of the oppositely polarized beams 
which constitute common light, and leave Uie other beam po- 
larized in one plane. These effects may be produced by affate 
and tourmalme, &c. ^ *^ ^^ 

(108,) If we transmit a beam of common light through a 
plate of a^te, one of the oppositely polarized beams wiO be 
converted mto a nebulous light in one position, and the other 
polarized beam in another position, so that one of the polar- 
ized beams with a single plane of polarization is left. The 
same effect may be produced by Iceland spar, arragonite, and 
artificial salts prepared in a particular manner, to produce a 
di^rsion of one of the oppositely polarized beam&* 

When we transmit common light tlu-ough a thin plate of 
tourmaline, one of the oppositely polarized beams which con- 
stitute common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are of great use, 
either in aJO&rding a beam of light polarized in one plane, or 
in dispersing and absorbing one of the pencils of a compound 
beam, when we wish to analyze it, or to examine the color or 
properties of one of the pencils seen separately. 



CHAP. XXI. 

ON THE COLORS OF CRYSTALLIZED PLATES IN 
POLARIZED LIGHT. 

(109.) The sjdendid colors, and systems of colored ring% 
produced by transmitting^ polarized light through transparent 
bodies that possess double refraction, are undoubtedly the most 
brilliant phenomena that can be exhibited. The colors pro- 
duced by these bodies were first discovered by independent 
observation, by M. Arago and the author of this volume ; and 
they have been studial with great success by M. Biot and 
other authors. 

In OTder to exhibit these phenomena, let a polarizing ap- 
paratus be prepared, similar in its nature to that in Jig, 87. ; 

but without the tubes, as shown in Jig, 94., where A is a plate 

> ■ ' ■'- — - 

*3ee Edinburgh Eneyclopasdia, vol. xv. pp. 600, 601.; Phil 7Vax«. 1810, 
p. 146. 

o 
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of fflaas which polarizes the ray Rr, incideDt upon it at a& 
angle of 56^ 4o', and reflects it polarized in the direction r «, 
where it is received by a second plate of glass, fi, whose plane 
of reflexion is at right angles to that of the plate A, and 
which reflects it to the eye at O, at an angle of 56° 45^. In 



Fig, 94. 





r 



order that the polarized pencil r s may be sufficiently brilliant, 
ten or twelve plates of window glass, or, what is better 
still, of thin and well-annealed flint glass, should be substi- 
tuted in place of the single plate A. The plate or plates at 
A are called the polarizing plates, because their only use is 
to furnish us with a broad and bright beam of polarized light 
The plate B is called the analyzing plate, because its use is 
to analyze, or separate into its parts, the light transmitted 
through any body that may be placed between the eye and the 
)polarizing plate. 

If the beam of light R r proceeds from the sky, which will 
answer well enough for common purposes, then an eye placed 
at O will see, in the direction O s, the part of the sky from 
which the beam R r proceeds. But as r s will be polarized 
light if it is reflected at 66° 45' from A, almost none of it will 
be reflected to the eye at O from the plate B ; that is, the eye 
at O will see, upon the part of the sky from which R r pro- 
ceeds, a black spot ; and when it does not see this black spot, 
it is a proof that the plates A and B are not placed at the 
proper inclinations to each other. When a position is found, 
either by moving A or B, or both, at which the black spot it 
darkest, the apparatus is properly adjusted. 

(110.) Having procured a thin film of sulphate of lime or 
mUio, between the 20th and the 60th of an hich thick, and 
which may be s}^t by a fine knife or lancet from a mass of 
any of these minerals in a transparent state, expose it, as 
shown at C £ D F, so that the polarized beeim r s may pass 
through it perpendicularly. If we now aj^ly the eye at O, 
and look towards the black spot in the direction O «, we shaJl 
see the surfece (tf the plate of sulphate of lime entfa^ly cov- 
ered with the most brilliant colors. If its thickness is per- 
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fect^ imifijTm throughoat, its tint will be perfectly unifonn ; 
but if it bas different thicknesses, every dif^rent tbickneis 
will display a different color — some redf, some green, some 
Uue, and some yellow, and all of the most brilliant descrip- 
tion. If we tarn the film C E D F round, keeping it perpen- 
dicular to the polarized beam, the colors will become less or 
more bright without changing their nature, and two lines, 
C D, E F at right angles will he found, so thai when either of 
them is in the plane oi reflexion r t O, fio colors jphatever are 
perceived, and the black spot will be seen as if the sulphate 
of lime had not been interposed, <»r as if a piece of common 
glass had been substituted for it. It will also be observed, by 
continuing the rotation of the sulphate of lime, that the colors 
again beo^in to appear; and reach their greatest brightness 
when ei&er of the lines G H, L K, which are inclined 45^ to 
C D, E F, are in the plane of reflexion r s O. The plane R r t, 
or the plane in vdiich the light is polarized, is called the pUme 
of pnmitive polarization ; the Imes CD, EF, the netjUrdl 
iuces ; and G H, E L, the dejfolarizing axes, because they de- 
polarize, or change the i)olarization of the polarized beam r s. 
The brilliancy or intensity of the colors increases gradually, 
&om the position of no color, to that in which it is the moit 
brilliant 

Let us now suppose the plate C E D F to be fixed in the po- 
sition where it gives the brightest colc»r ; namely, when G H 
is perpendicular to the plane of primitive polarization R r «, 
or parallel to the plane rs.O, and let the color be red. Let 
the analyzing plate B be made to revolve round the ray r «, 
beginning its motion at 0^, and preserving always the same 
inclination to the ray r «, viz. 56^ 45'. The brightest red 
being now visible at QP, v/hea the plate B begins to move fi:om 
its {xwition shown in the figure, its brightness will gradually 
dimuiigdi till B has turned round 45^, when the red color wiU 
wholly disappear, and the black spot in the sky be seen. Be- 
yond 45^ a fiiint ffreen will make its appearance, and will be- 
come brighter and brighter till it attains its greatest bright- 
ness at 90°. Beyond 90° the green becomes paler and j»ler 
till it disappears at 135°. Here the red agam a^^iears, and 
reaches its maximum brightness at 180°. The very same 
changes are repeated while the plate B passes from 180® 
round to its first position at 860° or 0°. From this experi- 
ment it appears, that when the film C E D F alone revolves^ 
only one color is seen ; and when the plate B only revolves^ 
two colors are seen during each half of its revolution. 

If we repeat the preceding experiment with films of diffep- 
€fit thicknesses, that give dinerent colors, we shall find that the 
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two colors are always compUmentary to each other, or to- 
gether make whiU light 

(111.) In order to understand the cause of these beautiful 
phenomena, let the eye be placed between the film and the 
plate B» and it will be seen that the li^ht transmitted through 
the film is white, whatever be the position of the film. The 
separation ci the colors is therefore produced, or the white 
light is analyzed, by reflexion firom me plate R Now, sul- 
phate ci lime is a doubly refracting crystal ; and one of its 
neutral axes, C D, is the section of a plane passing through its 
axis, while £ F is the section of a plane perpendicular to the 
principal section. Let us now suppose either of these planes, for 
example £ F, to be pli^sed, as in the figure, in the plane of po- 
larization R r s of the polarized light ; then this ray will not be 
doubled, but will pass into the ordinary ray of the crystallized 
film ; and fiilling upon fi, it will not suffer reflexion. In like 
manner, if C D is brought into the plane R r s, it will pass 
entirely into the ordinary ray, which, falling upon B, will not 
suffer reflexion. In these two positions of me film, tiierefive^ 
it forms only a single image or beam ; and as the plane of po- 
larization of this image or beam is at right angles to the plane 
of reflexion from B, none of it is reflected to the eye at O. 
But in every other position of the doubly refracting film 
C £ D F, it forms two images of different intensities, as may 
be iliferred from Jig, 86. ; and when either of the depolariziiig 
axes G H or K L is in the plane of primitive polarization, the 
two images are of equal brightness, and are polarized in op* 
posite planes ; one in the plane of primitive polarization, and 
the other at right angles to it Now, one of these images is 
red, and the other green, for reasons which will be afterwards 
explained ; and as Sie green is polarized in the plane of primi- 
tive polarization R r s, it does not suffer reflexion from the 
plate B ; while the red, being polarized at right angles to that 
^ane, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90°, the red will 
not suf^r reflexion from it \ while the green will suffer re- 
flexion, and be transmitted to the eye at O. In this case tbe 
plate B analyzes the compound beam of white light trans- 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its deflexion, and 
refusing to reflect the other half, which is polarized in an op- 
posite plane. If the two beams had been each white light, as 
they are in thick plates of sulphate of lime, in place of seeing 
two different colors during the revolution of the plate B, the 
reflected pencil s O would have undergone dif^rent variations 
qf brightness, according as the two oppositely polarized beams 
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of white light were more or lees reflected by it; the pocdtions 
of greatest brightness being those where the red and green 
colors were the brightest, and the darkest points being those 
where no color was visible. 

(112.) The analyns, of the white beam composed of two 
beams of red and green light, h^s obviously been effected by 
the power of the plate to reflect the one and to transmit or 
refract the other ; but the same beam may be analyzed by vnr 
rious other methods. If we make it pass through a rhomb of 
calcareous spar sufficiently thick to separate by double refrac- 
ticm the red from the green beam, we shall at the same iime 
see both the colored beams, which we could not do in the for- 
mer case ; the one forming the ordinary, and the otiier the ex- 
traordinary image. Let us now remove the plate B, and sub* 
stitute for it a rhomb of calcareous spar, ^th its principal sec- 
tion in the plane of reflexion r s O, or perpendicular to the 
plane of primitive polarization Krs, and let the rhomb have 
aground aperture in the side farthest from the eye, and of such 
a size that the two images of the aperture, .formed by double 
refection, may just touch one another. Remove the film 
C £ D F, and the eye placed behind the rhomb will see only 
the extraordinary image of the aperture, the ordinary one 
having vanbhed. Replace the film, with its neutral axes as in 
the figure, parallel and perpendicular to the plane R r «, and 
Bo e&ct will be produced ; but if either of the de^larizinff 
axes are brought into the plane R r s, the (ordinary image of 
•the aperture will be a brilliant red, and the extraordinaiy 
image a briUiant green ; the double refraction of the rhomb 
.havmg separated these two differently colored and oppositely 
polarized beams. By turning round the film, the colors will 
vary in brightness ; but the same image will always have the 
same colot. If we now keep the film fixed in the position 
that gives the finest colors, and move the rhomb of calcareous 
i^r round, so that its principal section shall make a complete 
revolution, we shall find that, after revolving 45° from its first 
position, both images become white. After revolving 90°, the 
-ordinary image that was formerly red is now green, and the 
extraordinary image that was formerly green is now red. The 
;two images become again white at 135°, ^25°, and 315° ; and 
at 180°, the ordinary image is again red, and the extraordi- 
nary one green ; and at 270°, the ordinary image is green, 
and the ouer red. 

If we use a large circular aperture on the fiice of the 

rhomb, the ordinary and extraordmary images O, E will over- 

• lap each other, as iif fig, 05. ; the overlapping parts at F G 

being pure white light, and the parts at C and D having the 

02 
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cdora abofve deseribed. This experiment affords ocular de> 
moostratioQ that the two colors at C and D are comi^e- 
mentarj, and form white light 

The ajialysis of the compound beam transmitted by the sul- 
phate of limQ may dso bd effected by a plate of agate^ or by 




any of the crystals, artificially prepared ht the purpose of 
dispersing one of the component beam^ The a^te being 
placed between the eye and the fihn C E D F, it will disperse 
mto nebulous light the red beam, and enable the screen one to 
reach the eye ; while in another position it will scatter the 
green beam, and allow the red light to reach the eye. With 
a proper piece of agate this experiment is both beautiful and 
instructive ; as the nebulous light, scattered round the bright 
image, will be green when the distinct image is red^ and red 
when the distinct imase is green. 

The analysis ma^ a&o be effected by the absorption of tour- 
nuUine and other similar substances. In one position the tour- 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, and su^rs the 
green to pass. The yellow color of the tourmaline, however, 
IS a disadvantage. 

The analysis may also be performed %• a bundle of glasi 
plates, such as A or B, Jig, 03. In one position such a btmdle 
will transmit all the red, and reflect all the green ; while in 
another pnosition it will transmit all the green, and reflect all 
the red, in the opposite manner, but according to the same 
rules as the analyzing plate B, f^, 94. 

(113.) In all these experiments the thickness of the sul- 
phate of lime has been supposed such as to j?ive a red and a 
green tint ; but if we take a film 0*00046 of an English indi 
thick, and place it at C E D F in fig, 94., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0*00124 thick will 
give the white of the first order in Newton's scale of colors, 
given in p. 93 ; and a plate 001818 of an inch thick, and 
all plates of greater thickness, will give a white composed 
of all the colors. Films or plates of intermediate thicknessei 
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between 0*00124 and 0*01818 will e^ive all the intennediate 
colors in Newton's Table between tne white of the first order 
and the white arising from the mixture of all the colors. That 
is, the colors reflected to the eye at O will be those in column 
2d, while the cdors observed by turning round the plate B 
-will be those in column 3d ; the one set of colors correspond- 
ing to the reflected tints, and the other to tlie transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in the 
Table, we must have recourse to the numbers in the last col- 
umn for glass, which has nearly the same refractive power as 
sulphate of lime. Suppose it Ls required to have the thickness 
which corresponds to the red of the first spectrum or order of 
colors. The number in tlie column for glass, opposite red, is 
51 ; then, since the white of the first order is produced by a 
film 000124 of an inch thick, the number corresponding to 
which is 3J in the column for glass, we say, as 3J is to 5|, so 
is 0-00124 to 0-00211, the thickness which will give the red 
of the first order. In the same manner, by having the thick- 
ness of any film of this substance, we can determine the color 
which it will produce. 

Since the colors vary with the thickness of the plate, it is 
manifest, that if we could form a wedge of sulphate of lime» 
with its thickness varying from 0-00124-to 0*01818 of an inch, 
we should observe at once all the colors in Newton's Table in 
parallel stripes. An experiment of the same kind may be 
made in the following manner : — Take a plate of sulphate of 
lime, MN, ^^. 96., whose thickness exceeds 0*01818 of .an 

Fig.96, , 




inch. Cement it with isinglass on a plate of glass; and 
placing it upon a fine lathe, turn out of it with a very sharp 
tool a concave or hollow surface between A and B, turning it 
so thin at the centre that it either begins to break or is on the 
eve of breaking. If the plate M N is now placed in water, 
the water will after some time dissolve a small portion of its 
substance, and polish the turned sur^e to a certain degree. 
If the plate is now held at C E D F, fg. 94., we shall see all 
the colors in Newton's Table in the form of concentric rings, 
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as shown in the figure. If the thickness diminishes rapidly 
the rings will be closely packed together, but if the turned 
surface is large, and the thickness diminishes slowly, the col- 
ored bands will be broad. In place of turning out the con- 
cavity, it might be done better by grinding it out, by applying 
a convex surface of great radius, and using the finest emery. 
When tie plate M N is thus prepared, we may give the most 
perfect polish to the turned surmce by cementing upon it a 
plate of glass with Canada balsam. The balsam will (ky, and 
the plate may be preserved for any length of time. 

By the method now described, the most beautiful patterns^ 
such as are produced in bank-note^ &c., may be turned upon 
a plate of sulphate of lime 0*01818 of an inch thick, cemented 
to glass. All the grooves or lines that compose the pattern 
may be turned to different depths, so as to leave difierent 
thicknesses of the mineral, and the grooves of different depths 
will all appear as different colors, when the pattern is held in 
the apparatus in Jig. 94. Colored drawings of figures and 
landscapes may in like manner be executed, by scraping away 
the mineral to the thickness that will give the reqmred colors ; 
or the eflfect may be produced by an etching ground, and 
using water and other fiuid solvents of sulphate of lime to 
reduce the mineral to the required thicknesses. A cipher 
may thus be executed upon the mineral ; and if we cover 
the surface upon which it is scratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refractive power aa 
the sulphate, it will be absolutely illegible by common light, 
and may be distinctly read in polarized light, when placed at 
CEDFin^^.94. 

As the colors produced in the preceding experiments vary 
with the difierent thicknesses of the body which produces 
them, it is obvious that two films put together, as they lie in 
the crystal with similar lines coincident or parallel, will pro- 
duce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture of the two 
colors which they produce separately. Thus, if we take two 
films of sulphate of lime, one of which gives the orange of 
the first order, whose number in the last column in Newton's 
Table, p. 93., is 5J, while the other gives the ted of the 2d 
order, whose number is 11| ; then by adding these numbers, we 
get 17, which corresponds in the Table to greenish yeUow of the 
9d order. But if the two plates are crossed, so that similar lines 
in the one are at right angles to similar lines in the other, 
then the tint or cotor which they produce will be that which 
belongs to the difference of their thicknesses. Thus, in the 
present case, the difference of the above numbers is 6J, which 
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corre^nds in the Table to a reddish violet of the seccxid 
order. If the plates which are thus crossed are equally thicks 
and produce the same colors, they will destroy each other's 
effects, and blackness will be produced ; the dirorenco of the 
numbers in the Table being 0. Upon this principle, we may 
produce colors by crossing plates of such a thickness as to 
ffive no colors separately, provided the difference of their 
mickness does not exceed 0*01818 ; for if the difference of 
their thickness is greater than this, the tint will be white, and 
beyond the limits of the Table. 

If thf polarized light employed in the preceding experi« 
ments is homogeneous, then the colors reflected from the plate 
B will always be those of the homogeneous light employed. 
In red light, for example, the colors or rather shades which 
succeed each other, with different thicknesses of the mineral* 
will be red at one thickness, black at another, red at another, 
and black at another, and so on with all the difforent cdora 

If we place the specimen shown in^^. 96. in violet light, the 
rings A B will be less than in red light ; and in intermediate 
colors they vnll be of intermediate magnitudes, exactly as in 
the rings of thin plates formerly descrited. When white light 
is used, all the different sets of rings are combined in the very 
same manner as we have already explained, in thin plates of 
air, and will form by their combinations the various colored 
rings in Newton's T^ble. 



CHAP. XXIL 

Olf THE SYSTEM OF COLORED RINGS IN GRTSTALS WTTR 

ONE AXIS. 

(114) In all the preceding experiments the film C E D F 
must be held at such a distance from the eye, or from the plate 
B, that its surface may be distmctly seen, and in the apparatus 
used by different philosophers this distance was considerable. 
In the year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
as possible, a very small plate, B, not above one fourth of an 
inch, being interposed, as in Jig, 04., between the crystal and 
the eye, to reflect the light transmitted through the crystaL 
By this means I discovered the systems of rings formed along 
the axes of crystals witli one and two axes, which form the 
most splendid phenomena in optical science, and which by 
their analysis have led philosq>hers to the most important dis- 
coveries. 



L TSEATI8K OR OPnCS. 

■be 
great variety o 
observed tliem in Iceland spar. 

Id order to observe the ^stem of nnge round a aingle axia 

of double refraction, grind down the sunimita or obtuse angles 

A X of a rhomb of Iceland Epar, fc|. 72., and replace them by 

plane and polished sur&cea perpendicular to the axis of doobl* 

refrnction A X. But as this la not an eaajr operation wtthoot 

the aid of a lapidary, I have adopted the fiitlowmff method, 

which enahlea us to transmit light along the axi; A X without 

muring the Aomb. Let C D E P,^. 97., be the principaf 

Bection of the rhomb ; cement upon 

^' ' ita Burfiicea C D, F E, with Canada 

— A./ balsam, two prisma, D L K, F G H, 

VnBflflK' ^"'"^ ^^ ""^'™ L D K, G F H 

1^^^^^^^^^^ each equal to about 45° ; and by let- 

Ml^B^^^^BBSif^ ting liill a ray of light perperidicu- 

^^^^^^^^^« larly upon the face D li, it will p«8B 



IS along the axis A X, and einerge per- 

Cidiciilarly through the ftce F G. 
t th^ rhonib thua prepared be held 



ro tlie pidarized beam r b,J^. 94., ao that r s may pass along 
ttie axis A X and let it be held as near the plate B as poeuUe. 
niieii the eye ia held very near to B, and looks along O * as 
it were through the rejected image of the rhomb C ^ it will 
perceivo alcmg its axis A X a splendid system of colcxed ring! 
nwmbling that shown inj^. 96., intersected by a rectangular 



Mack croaa, A B C D, the anns of which meet at the centra 
trf the rings. The colors in these rings are exactly die sanM 
as thrae m Newton's Table of colors, and consequently tbt 
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e&me as the system of rings seen by reflexion from the plate 
of air between the object glasses. If we turn the rhomb 
round its axis, the rings will suffer no change ; but if we fix 
the rhomb, or hold it steadily, and turn round the plate B^ 
then, in the azimuths 0°, 90°, 180°, and 270° of its revolution, 
we idiall see the same system of rings; but at the intermediate 
azhnuths of 45°, 135°, 225°, and 315°, we shall see another 
system, like that in j^^. 90., in which all the colon are com- 
plementary to those mjig, 96., being the same as those seen 

J!^. 99. 




in the rings formed by transmission through the plate of am 
The superposition of these two systems of rings would repro- 
duce white light 

If, in place of the glass plate B, we substitute a piism of 
calcareous spar, that separates its two images ^atly, or a 
rhomb of great thickness, we shall see in the ordmary image 
the first system of rings, and in the extraordinary image the 
second system of complementary rings, when the principal 
section of the prism or rhomb is in the plane r « O as formerb 
described. 

As the li^ht which forms the first system of rings is polarized 
in an opposite plane to that which forms the second system, 
we may disperse the one system by agate, or absorb it by 
tourmaline, and thus render the other visible, the first or the 
second system being dispersed or absorbed according to the 
position ci the agate or the tourmaline. 

If we split the rhomb of calcareous spar,j^g-. 97., intcT two 
-plates by the fissure M N, and examine the rings produced by 
each plate separately, we shall find that the rings produced by 
each plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
ness of the plate diminishes. It will also be found that the 
eircolar area contained within any one ring is to the circular 
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area of any other ring, as the number in Newton's Table cor- 
responding to the tint of the one ring is to the number corre- 
aponding to the tint of the other. 

If we use homogeneous light, we shall find that the rings 
are smallest in vuSet li^ht and largest in red light, and of in- 
termediate sizes in the mtermediate colors, consisting always 
of rings of the color of the light employed, separated by black 
ringSL In white light all the rings formed by the seven dif-> 
ferent colors are combined, and constitute the colored system 
above described, according to the principle which were fully 
explained in Chapter XII. 

(115.) All the other crystals which have one axis of double 
refrfiction, give a similar sjrstem of rings along their axis of 
double refraction ; but those produced by the positive cr3rstals, 
such as zircottf ice, &c., though to the eye they diiSer in no 
respect from those of the negative crystals, yet possess dif> 
ferent propertiea If we take a system of rings formed by 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an efiect which might have b^n 
expected from the opposite kinds of double refraction possessed 
by these two crystals. 

If we combine two plates of negative cry^als, such as Jce- 
land spar and beryl, the system of rings which they produce 
will be such as would be formed by two plates of Iceland spar, 
one of which is the plate employed, and the other a plate 
which gives rings of the same size as the plate of beryL But 
if we combine a plate of a negative crystal with a plate of a 
positive crystal, such as one of Iceland spar with one of zir- 
con or ice, the resulting system of rings, in place of arising 
from the sum of their separate actions, will arise from their 
dif&rence ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the difier- 
ence of the thicknesses of the plate of Iceland spar employed, 
and another plate of Iceland spar that would give rings <» the 
same size as those produced by the zircon or ice. 

These experiments of combining rings are not easily made, 
unl^s we employ crystals which have external fiices perpen- 
dicular to the axis of^^ double refraction, such as the variety of 
Iceland spar called spath calcaire basee, some of the micas 
with one axis, and well crystallized plates of ice, &c When 
two such plates cannot be obtained, I have adjusted the axes 
or the two plates so as to coincide, by placing between them, 
at their edges, two or three small pieces of soft wax, by prea»- 
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mg which in diflferent directions, we may produce a sufficiently 
accurate coincidence of the systems of rinj^ to establish tbo 
preceding conclusions. 

If, when two systems of rings are thus combined, either 
both negative or both positive, or the one negative and the 
other positive, we interpose between the plates which produce 
them cr3rstallized films of sulphate of lime or nttoo, we shall 
produce the most beautiful changes in the ferm and character 
of the rinffs. This experiment I found to be narticolariy 
splendid when the film was placed between two plates oi the 
apath calcaire basee of the same thickness, and taken from the 
same crystaL By fixing them permanently with their faces 
parallel, and leaving a sufficient interval between them &r 
the introduction of films of crystals, I had an apparatus by 
which the most splendid phenomena were produced. The 
lings were no longer symmetrical round their axis, but exhib^ 
ited the most beautiful variety of forms during the rotation of 
the combined plates, all of which are easily d^ucible from the 
general laws of double refraction and polimzation. 

The table of crystals that have negative double refraction 
shows the bodies that have a ne^tive system of rings ; and 
the table of positive crystals indicates those that have a posi* 
tive system of rings. 

(116.) The fi>llowing is the method whidi I have used for 
distin^fuishing whether any system of rings is positive or 
negative. Take a film of sulphate of lime, such as that shown 
at C E D F, j^. 94., and mark upon its surface the lines or 
neutral axes (f D, E F as nearly as may be. Fix this film br 
a little wax on the siurfiu^e, L D or F U, fig, 97., of the rhomb 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, y/Aen 
combined with the rhomb, oUiterate part of the red ring of 
the second order, either in the two quadrants A C, B D, fif, 
96., or in the other two, A D, C R Let it obliterate the red 
Jn A C, B D; then if the line C 0,^^.94., of the film crosses 
these (wo quadrants at riffht angles to the rin^ it vnil be the 
principal axi$ of the sulphate of lime ; but if it crosses the 
other two quadrants, then the line E F, which crosses the 
<^uadrants A C, B D, wUl be the principal axis of sulphate of 
bme, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal axis. 
Then, if we wiidi to examine whether any other system of 
rings is positive or negative, we have only to cross the rings 
wiw the axis C D, by interposing the film : and if it oUiter- 
ates the red rii^ of the second order in the quadrant which it 



170 A TSSATISS ON OFHCS- FABT IX. 

crones, the syftem will be negmiive ; but if it obliterates the 
iune ring ih. the other two quadrants which it does not croes, 
then the system will be positive. It is of no consequence 
what color the film polames, as it will always obliterate the 
tint of the wne nature m the eystem of rings under exam- 
inatioo. 

(117.) In ofder to explain the formation of the eystems of 
rings seen along the axes of crystals, we must consider the 
two causes on which they depend ; namely, the thickness of 
the crystal through which the polarized light passes, and the 
inclination of the polarized light to the axis of double refiao- 
tioQ or the axis of the rinsfs. We have already shown how 
^xe tint or color varies with the thickness oi the ciystallized 
body, and how, when we faiow the color for one thickn€^ we 
may determine it for all other thicknesses, the inclination c^ 
the ray to the axis remaining always the same. We have 
now, therefore, only to consider the effect of. inclination to the 
axis. It is obvious that alcmg the axis of the crystal, where 
the two black lines A B, C D, J^. ^«, cross each other, there 
ii neither double refraction nor color. When the polarized 
ray is sli^tly inclined to the axis, a faint tint appears, like 
the blue m the first order of Newton's scale ; and as the incli- 
nation gradually increases, all the colors in Newton's table are 
pioducM in succession, from the very black of the first 'order 
up to the reddish white of the seventh (»der. Here, then, it 
appears that an increase in the inclination of the polarized 
light to the axis corresponds to an increase of thiclmesB ; so 
t£it if the lig^t always passed through the same thickness of 
the mineral, the different colors of the scale would be pro 
duced by difference of inclination alone. Now, it is found by 
experiment, that in the same thickness of the mineral, tm 
numerical value of the tints, or the numbers opposite to the 
tints in the last ccdumn of Newton's table, vary as the square 
of the sine of the inclination of the polarized ray to the axis. 
Hence it follows, that at equal inclinations the same tint will 
be produced ; and consequently^ the similar tints will be at 
€(qual distances from the axis or the rings, or the lines of equal 
tint or rings will be circles whose centre is in the axis. Let 
US suppose that at an inclination of 30^ to the axis we observe 
.the blue of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45<^. The sine 
of 80^^ is *5, and its square '25. The sine (^45^ is '7071, and 
its square .5. Then we say, as -25 is to 9, so is '5 to 18, ^ch 
in the table is the numerical value of the re<{ of the third 
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order. If we suppose the thfckness of the mineral to be in- 
creased at the inclinations 30^ and 45^, then the numerical 
value of the tint would increase in the same proportion. 

It is obvious from what has been said, thi^ the polarizing 
l5rce, or that which produces the rings, vanishes when the 
double refraction vanishes, and increases and diminishes with 
the double refraction, and according to the same law. The 
polarizing force, therefore, depends on the force of doulde re- 
traction; and we accordingly find that crystals with high 
double refraction have the power of producing the same tmt, 
either at much less thicknesses, or at much less inclinations to 
the axis. In order to compare the polarizing intensities of 
difilerent crystals, the best way is to compare the tints which 
they produce at right angles to the axis where the force of 
double refraction and polarization is a maximum, and with a 
^ven thickness of the mineral. Thus, in the case ^ven 
above, we may find the tint at right angles to the axis, by 
taking the square of the sine of 90^, which is 1 ; so that we 
have the following proportion : as'25isto9, soisltod6, the 
▼alne of ih& maximum tint of calcareous spar at right angles 
to the axis, upon the supposition that a tint of the value of 9 
was produced at an inclination of 30°. If we have measured 
the thickness of Iceland spar at which the tint 9 was produced, 
we are prepared to compare the polarizing intensity of Iceland 
spar wifii diat of any other mineral. Thus, let us take a plate 
ik quartZf and let us suppose that at an inclination of 30^f 
and with a thickness fifty-one times as great as that of the 
plate of Iceland spar, it produces a yellow of the first order, 
whose value is about 4 Then to find the tint at 90°, or at 
right angles to the axis, we say, as the square of the sine of 
W*, dt §5, is to 4, so is the square of the sine of 90°, or 1, tD 
16, the tint at 90°, en- the green of the third order. Now th« 
polarizing power or intensity of the Iceland spar would have 
been to l£at of th^ quartz as 36 to 16, or 2^ tunes as great, if 
the thickness of the two minerals had been the same ; but as 
the thickness of the quartz was 51 times as great as tiiat of 
the Iceland spar, the polarizing intensity of the Iceland spair 
will be 51 multiplied by 2\ times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several ob^rvers, but the following have been 
given by Mr. Herschel : — 
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hUemiiuM ef CtyHaU wUk One AxU. 



Iceland spsr I I T 
Hydrate of atrantia • 
Tounnaline ... 
Hypoaulphate of lime . 

Qnartx 

Apophyllite, Ist Tariety 
Gamphw .... 
Vesamn .... 
ApophyllHe, 2d Yarie^ 
3d variety 



kigkMlTlat. 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



the 



TtBt. 



0HK)0028 
0K)00802 
0K)01175 
0-002129 
0K)03024 
0009150 
0K)09856 
0H)24170 
0-030374 
0-366620 



Tbe above measures are suited to yellow light, and the 
numberB in the second column show the proportions of the 
thicknesses of the different substances that produce the same 
tint The polarizing finrce of Iceland spar is so enormous at 
right angles to the axis, that it is alqiost impracticable to pre- 
pare a fmn of it sufficiently thin to exhibit tae colors in New- 
ion's table. 



CHAP. xxm. 

OH THS UWl'EMB OF COLORED SINGHi IN CftYSTAIJI WITH 

TWO AXIS, 

(118.) It was long believed that all crystals had only one 
Axis of double lefinction; but, aft^ I discovered the dooUe 
system of rings in topaz and other minerals, I finmd that these 
minerals had two axes of double refraction as well as of pdar- 
ization, and that the possession of two axes characterized the 
great body of crystals which are either formed by art, or 
which occur in the mineral kingdom. 

The double system of rings, on rather one of the sets of tht 
double system of rings in topaz, first presented itself to mc 
when I was looMng (uong the axis of topaz, which reflected a 
part of the light of the sky that happened to be polarized, so 
that they were seen without the aid either of a pola]:izing or 
an analyzing plate. In this and some other minerals, however, 
the axes of double refraction are so much inclined to one an- 
other, that we cannot see the two systems of rings at once. I 
shall therefore proceed to explain them as exhibited by nt/re, 
in which I also discovered them and examined many of their 
properties. 
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iVttre, or t^tpetre, ia an utificial tubetance which crystal 
lizeB in iix-oded prisms nith iDgies of abcut 1^. It belonga 
to the priamstic system of Mohs, and has tbereferc two ues 
of double refraction along which a ray of tight is not dividsd 
into two. These axes are each inclined about 2^° to the axis 
of the prism, and about 5° to each other. If, therefore, wc cut 
off a piece of a prism of nitre with a knife driven by a smart 
Uow from a hammer, and polish two flat surfices perpendicu- 
lar to the axis of the prism, io as to leave a thickness of tbs 
sixth or eighth of an inch, and then transmit the polarized 
lii^t r f, fig. 94., along the axis of the prism, keeping the 
crystal as near to the ^ate B as pcesible on one side, ai^ thft 
eye as near it as possible on the other, we^shatl see the double 
system of rings, A B, shown in^. 100., when the ptsjie pi» 
iag through Qie two axes of nitre ia in the plane of prinutin 

mg. lOa. fit- III- 



polarization, or in the plane of reflexion r » O, fig: 94., and 
tlie system shown in^^. 101. when the same plane is inclined 
45° to either of these planea. In passing from the state of 
J^. 100. to that of ^. 101., the black lines assume the fonw 
shown iafigs. 102. and 103. 

These systems of rings have, generally speaking, the eama 

.colors as tboie of thin pjates, or as those of the systenia of 

rings round one axis. The orders of cdors commence at the 

P8 
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MntTM A >d3 B «f taeb lyMam; but at a Mrlun diitutM, 
irtucb inj^. 100: consqnnda to the lUth ring, the niigi^ m 




place of Kturning and enciiclioff each pole A and B, encii- 
da the two poled aa an ellipse does ita two (bcL 

When we diminiab the thickness of the plate of nitre, the 
rings Milarge ; the fifth Ting will theo surround both poiea 
At a leea thiclmesa, the fourth nag will surround them, lill at 
last all the rings will surround boui poles, sod the system will 
Iiave a great resemblance to the Bystem surrounding one azia. 
The place of the poles A, B never changes, but the black 
lines A B, C D become broad and indefinite ; and the whole 
■TBtem is distin^tehed from the single system principaJlj \>J 
the oral appearance of the ringB. 

If we increase the thickness of the nitre, the rings will di> 
minish in size ; the colors will lose their resemblance to tboae 
of Newton's scale ; and the tints do not commence at the 
poles A, B, but at virtual poles in their pnuunit;. The color 
of the rings within the two poles is lid, and without them 
Uue; and the great bod^ of the rings is pink end green. 

As the same color exists in every part of the same curv«i 
the curves have been called itochromalic line*, or line* of 
equal tint. The lines or axes along which there is no double 
rehactioD or polarization, and whoee poles are A, B, j^. liXL, 
have been called optical oxei, or axet of no polariaition, or 
tut$ of compensation, or rendtant axe$; because they faavs 
been fbund not to be real axea, bat lines along which the op- 
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poeiu actions of o^t two real ues liav« been compeniated, 
or destny one another. 

(119.) In nrious ciygtallized bodies, aach as nitre and or- 
ragottUe, where the inclination of tbe rertdtant axet. A, B, 
Jig. 100., is araall, the two •ystaros of ring* may be easily 
veen at the same time ; but when the inclinatioa of the reauK- 
ant axes is great, as in iopax, tulphate of iron, &C., we can 
ooly see one of the ayatema of rings, which may be &xm& miat 
■dvantaeeoualy by grinding and poliahing two parallel facea 
perpendicular to the axis of Che rings. la wca and ti^s, 
and various other crystals, the plane di most eminent cleavage 
ii equally inclined to the two resultant axei ; so that in luch 
bodies tlie syatema of rings may be readily found and caaiij 
exfailHted. 

Let M N, for exaiaple, fig. 104, be a plat« of topaz, cut tn 
qdit so as b> have its fiice perpendicular to the axis <£ Uw 




I»iain in which this body ciTstallizes. If we place this plate, 

fig. lot, in the apparatus Jig-. 94. so that the polarized r^ r». 

Kg lOS. S^-^y paseesalcag the line ABeE, 

fig. 104., and if the eye receives this 

ray when reflected from the analyzing 

plate B, it will see in the direction of 

that ray a ^stem of oval rings, like 

that '\sifig. 105. In like manner, if 

the polarized light is transmitted along 

\ thelineCBdD, tbe eye will see an- 



I are, therefore, tbe resultant axes of 
' topaz. Tbe angle ABC will be Ibund 
eqaal to about 131° \& ; but if we 
compute the inclination of the refiact* 
ed rays B d, B e, we shall find it, o> 
the angle d B e, to be only 66° ; which 
ia, therefore, the iDclination of the cp- 
tieol or rMubnnt axtt of topaz. 
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If we suppose the plate of nitre fixed in any of the poeitiooi 
which give any of the rings shown inji^s. 100, 101, 102, or 
103., t^, if we turn roand the plate f, we shall observe in 
the azimuths of 90^ and 270^ a system of rings complement- 
ary to each, in which the Uack cross in Jig. 100. and the 
Uack hyperbolic curves in Jig9. 101. 108. are white, all the 
other dark parts light, and the red green, the green red, &c. 
as in the single system of rings witn one axis. 

In the nr^eding observatkns we have supposed the pobri- 
lation of tne incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; but in 
certain cases they inay be shown by common light with tiie 
analyzing plate, or by polarized lig^t without the analyzing 
plate B, and in some cases without either the light being po- 
larized or analyzed. If in topaz, for ezamide. Jig. 104., we 
allow common light to &11 in the direction A ]^ so as to be 
refracted alonff B e, one of the resultant axes, and subsequently 
reflected at e from the second sur&ce, and reaching the eye 
at c, we shall see, after reflexion from the analyzmg plate, 
the system of rings in ^. 105. ; or if A B is polarized li^t, 
the rin^ will be seen by the eye at c without an analyzing 
plate. There are several other curious phenomena seen under 
these circumstances, which I have described in the PkiL 
Transactions for 1814, p. 2a3. 211. 

I have found some crystals of nitre which exhibit their 
rings without the use either of polarized light or an analyzing 
plate ; and Mr. Herschel has found the same property in some 
crystals of carbonate of potash. 

(120.) When the preceding phenomena are seen by polar- 
ized homogeneous light, in pmce of white light, the rings are 
bright curves, separated by aark intervals; the curves having 
always the color of the li^t employed. In many crystals the 
difierence in the size of the nngp seen in different colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place; but Mr. Herschel found that there 
were crystals, such as tartrate of potash and soda, in which 
the variation in the size of the rmgs was enormous, being 
greatest in red, and least in violet light, and in which the 
distance A B,Jigs, 100. 101., or the inclination <^ the resultant 
axes, varied from 56° in violet light to 76° in red, the inclina- 
tion having intermediate values for intermediate colors, and 
^centres of all the diflerent systems lying in the line A R 
When all these systems of rings are combined, as they are in 
usin^ white light, the system of rings which they form is ex- 
ceedmgly irregular, the two oval centres, or the halves of the 
first order of coIots, being drawn out with long spectra or 
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tails of red, green, and violet %ht» and the ends of all th« 
other rings being red without the resultant axes, and blue 
witiiin. 

Mr. Herschel found other crystals in which the rings are 
smallest in red, and largest in blue light, and in which the 
inclination of the axes or A B is least in red^ and greatest in 
violet light . 

In all ciTstals of this kind, the deviati<» of the tints, or the 
colors of the rings seen in white light, from Newton's Table 
is vei^ considerable, and may be calculated from the preceding 
principlea This deviation 1 found to be very great, even in 
crystals with one axis of double refraction and one system of 
rings, such as apophyUite where the rinffs have scarcely any 
other tints than a succession of greemm yeUow, and reddish 
purple ones. By viewing these rings in homogeneous light, 
Mr. Herschel has found Siat the system is a ne|B;ative one for 
the rays at the one end oi the spectrum, a positive one for the 
rays at the other end of the spectrum, and that there are no 
rings at all in yellow liffht. 

A similar and equally curious anomaly I have found in 
glauberite^ which is a crystal which has two axes of double 
refraction, or two i^stems of rings for red light, and one negap 
live system for violet light 

(121). All the singiUarities of theSe phenomena disappear, 
and may be rigorously calculated by supposing the remutatU , 
axes of crystals where there are two, or tne sii^rle axis where 
Aere is one, with a system of rings deviating Dom Newton's 
•cale, as merely apparent axes, or axes of compensation, pro- 
duced by the <^posite action of two or more rectangular axes, 
the 'principal one of which is the line bisectii^f the angle 
formed by the two resultant axes. Upon this principle, I have 
•hown that all the phenom^m presented by such ciysbils may 
be computed with as much accuracy as we can compute the 
motions of the heavenly bodies. 

The method oS doing this may be understood from the fol- 

Fig. 106. lowin? observations^ Let A C B D, 

fig. 106., be a crystal with two axes 

turned into a sphere. Let P, P be the 

pedes of the axes, O the point bisecting 

them, and A B a line passing through 

O, and perpendicular to C D, a line 

passing through P, P. Let us suppose 

an axiato pass through O, perpendicu* 

lar to the plane A C B D, then we mav 

account for all the phenomena of such 

erystals, by supposing the axis at O to be the principal one, 
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and the other axis to be along either of the diameters A B or 
C D. If we take C D, then the axes O and C D must be both 
oi the same name, either both potiHve or both negaiive ; but 
if we take A B, the axes must be one positive and the other 
negtUive ; ot, what is perhaps the simplest supposition for i^ 
hu^Uon, we dudl suppose the two rectangular axes which 
produce all the phenomena to be A B, C D, either both positive 
or both negative, leaving out the one at O. Supposing A O B, 
C P P D to be projections of great circles of the i^ere^ then 
P, P are the points where tiie axis A B destroys the effect of 
the axis C D; that is, where the tints produced by each axis 
must be equal and opposite. Now, if we suppose the arch 
C P to be 60^, then, since A P is 90<>, it follows that the axis 
C D produces at 60^ the same tmt that A B does at 90°, and 
consequently the polarizing intensity of C D will be to that 
of A B as the square of the sine of 90° is to the square of the 
sine of 60°, or as 1 to 0-75, or as 100 to 75. The polarizing 
force of each axis beinff thus determined, it is easy to find the 
tint which will be produced by each axis separately at any 
given inclination to the axis, l^ the method formerly explain- 
ed. Let £ be any point on the surface of the sf^ere, and let 
the tints produced at that point be 9, or the blue of the second 
order, by C D, and 16, or the green of the third order, |g^ A E 
Let the inclination of the planes passing through A l!, C £, 
or the. spherical angle C E A be determined, then the tint at 
the point £ will corre^)ond to thediagcmal of a parallelogram 
whose sides are 9 and 16, and whose ansle is double the an^e 
C £ A. This law, which is general, and applies also to double 
refractioQ, has been confirmed by Biot and Fresnel, the last 
of whom has proved that it coincides rigorously with the law 
deduced fix>m the theory of waves. 

If the axes A B, C D are equal, it follows that they wifl 
produce the same tint at equal mclinati(»is ; that is, they w3l 
compensate each other only at one point, viz. O, and will pro- 
duce round O a system of colored rin^ the very same as if 
O were a single axis of double refimction of an opposite name 
to A B, C D. If the axis A B has exactly the same propor- 
tional action that C D has upon each of the differently colored 
»y^a compensation will take place for each color exactiy at 

•11 if ^^^^^ of the resultant systems of rings, and the colors 
wdl be cjwctly those of Newton's scale. But if each axis ex- 
ercises a different proportional action upon the colored rays, a 
compensation will take place at O fiw some of the rays (fw 
violet, tor example), whUe the compensation for red will take 
pia45e on each side of O; conse^iently, in such a case the 
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crystal will have one ask for violet ljght,-aiid two ortM far red 
£ght, like giauberite. 

The phenomena of apopht/QUe may, in a idmilar manner* 
be exphiined by two eqaal negative axes, A B, C D, and a 
positive axis at O. 

According to this method of combining the action of di^ 
ferent rectangular axes, it fidlows that three equal and rectan- 
gular axes, either all positive or all negative, will destroy one 
another at every point of the Bph^*e, and thus jn'oduce the 
very same efi^t as if the crystal had no double refraction and 
polarization at alL Upon this principle I have explained the 
absence of double rdraction in all the crjrstaJi which form the 
tesBular system of Mohs, eadi of the {nrimitive forms of which 
has actually three similarly situated and rectangular axe& If 
one of these axes is not precisely equal to the other, and the 
c^stallization not p^ectly unif(»rm, traces of double refrac- 
tion will appear, which is K>und to be the case in nmriaU o/* 
soda, diamond^ and odier bodies of this clasai 

(122.^ The following table contains the pdarizin? inten- 
sities or some crystals with ttoo axes, as given by Mr. Her- 
schel:— > 

Polarizing Intemities of Crystals wiih Two Axes. 



Nitre • 

Anhydrite, mdination of axes 43^ 48^ 
Mica, inclination of axes 45^ . . • 

Sulphate of baryta 

Heulandite (white), inclination of 
axes 540 ir ...... 



! 



▼alMoT 

bithMt 

Tiot. 



1900 

1307 

531 

249 



Tht>fanMi» tlwt 

producf Um 
Tliit. 



0000135 
0-000536 
0H)00765 
0-001920 

0K)04021 



CHAP. XXIV. 

iJ ^l' liRfBIL EHCK OF POLAftlZED LIOBT.-*ON TIDB OMXmm <V THS 
COLORS Ot CRYSTALLIZED BODIES. 

(123.) Having thus described the principal phenomena of 
the colors produced by regularly crystallized bodies that pos- 
■ess one or ttoo axes of double refraction, we shall proceea to 
explain the cause of these remarkable phenomena 

br. Young had the great merit of ai^lyii^ the doctrine of 
interference to explain the colors nfo(|aced by double refrao- 
tkm. When a pencil of light &ils upon a thin plate of fli 
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doaUy r6ft«ctiD|f cryBtal, it is separated into two, which move 
through ^e plate with different velocities, correspcHiding to 
the different indices of refraction fbt the ordinary and extra- 
ordinary ny. In calcareous spar, the ordinary ray moves 
with ffreater velocity than the extraordinary one ; and there- 
fere Siey ought to interfere with one another, and in homo- 
geneous light produce rings consisting of bri^t and dark cir- 
des round the axis of douUe refraction. According to this 
doctrine, however, the rings ought to be produced in common 
as well as in pcdarized liffht; but as this was not the case, Dr. 
Young's ingenious hypouesis was long neglected. The sub- 
ject was at last taken up by Messrs. Fresnel and Arago^ who 
diff^yed great address in their investigation of the subjeiSt, 
ana suocoMed in showing how the production of the rings <kh 
pended on the polarization of the incident pencil and its sub- 
sequent analysis by a reflecting plate or a douUy refracting 
pnsm. 

The fellowing are the laws of the interference of pdarized 
Ught as discovered by MM. Fresnel and Arago : — 

1. When ttDO rayn polarized in the same plane interfere 
wUh each ether ^ theif mil produce by their interference fringes 
qf the very eame kind as if they were common light. 

This law may be proved by repeating the experiments on 
the inflexion of light, mentioned in Chi^ XL, in polarized in 
place of common light ; and it will be found that the very 
same fringes are prcxiuced in the one case as in the other. 

% Wwn two rays of light are polarixed at right angles 
to each other, they produce no colored fringes in the same ctr- 
cumstances under which two rays qf common light would 
produce them. When the rays are polarixed at angles inter- 
mediate between QP and 90°, they produce fringes qf inter* 
mediate brightness, the fringes being tottdly Miterated at 
00°, and recovering their greatest brightness a< 0°, as in 
Law 1. 

In order to prove this law, MM. Fresnel and Arago adopted 
several methods, the simplest of which is the fidlowing, em- 
ployed by the latter. Having made two fine s^ts in a thin 
plate of coppeTt he placed the copper behind the focus F of a 
lens, as in Jig. 56., and received the shadow of the copper 
upon the screen C D, whero the fringes produced by the inter- 
ference of the rays passing through the two slits wero visible, 
tn order, however, to observe the f^nges more accurately, he 
viewed them with an eye-glass, as fermerly described. He 
next prepared a bundle of transparent plates, like either of 
fboae shown at A and B,j^. 08.^ made of fifteen thm films of 
mica oir plane glass, and he divided this bundle into two* by 
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WL sharp cutting instrument At the line of divisioQ these 
bundles had as nearly as possible the same thickness, and thej 
were capable of polarizing completely light incident upon 
them at an angle of 30°. These bundles were then placed 
before the slits so as to receive and transmit the rays from the 
focus F at an incidence of 30°, and through portions oi the 
mica in each bundle that were very near to each other pre- 
vious to their separatioa The bundles were also fixed to re- 
volving frames, so that, hv turning either bundle round, their 
planes of polarization could be made either parallel or at right 
angles to each other, or could be inclined at any intermediate 
angle. \Vben the bundles were placed so as to polarize the 
Tays in parallel planes, the fringes were formed by the slits 
exactly as when the bundles were removed; but when the 
rays were polarized at 00°, or at right angles to each other, 
the fringes wholly disappesQ'ed. In all intermediate positions 
the fringes appeared with intermediate degrees of brightness. 

3. Two rays originally polarized at right angles to each 
other may be svhsequently brought into the same plane ofpo- 
larization, toithout acquiring me power offormmg fringes 
by their interference. 

If, in the precedinfif experiment, a doubly refracting crystal 
be placed between Uie eye and the copper slits, having its 
principal section inclined 45° to either of the {danes of polari- 
zation of the interfering rays, each pencil will be separated 
into two equal ones polarized in two rectangular planes, one 
of which planes is the principal section itself. Two systems 
of fringes ought, therefore, to be produced ; one system from 
the interference of the ordinary ray from the riff ht hand sUt 
with that of the ordinary ray from the left hand slit, and an- 
other system from the interfemnce of the extraordinary ray 
from the ri^ht hand slit with the extraordinary ray from ws 
i^ hand slut ; but no such fringes are producedf. 

4. Two rays polarized at right angles to each other, and 

ferwards brought ipto similar planes <^ polarization, jtro* 
ze fringes by their interference like rays of comnum Ught, 
provided they belong to a pencil, the whole of which toot 
originally polarized in the same plane, 

a In the phenomena of interjerence produced by rays that 
have suffered double refraction, a difference of half on undu- 
lation must be allowed, as one of the pencils is retarded by 
that quantity from some unknown cause. 

The second of tiiese laws afibrds a direct explanation of 
the fact which perplexed Dr. Young, that no fringes are ob- 
servpd when light is transmitted through a thin plate possess- 
ing double refraction The two pencils thus produced do not 

Q 
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ferm frin^ by their interference, because they are polarized 
in onposUe planes. 

The production of the fringes by the action of dqubly re- 
fracting^ crystals on polarized light may be thus explained. 
Let MN,jig. 107., be a section of the plate of sulphate of 
jf^. 107. lime, C E D P,^^. 94., and B the ana- 

fyzing plate. Let R r be a polarized 
ray incident upon the plate M N, and 
let O and £ be the onlinary and ex- 
traordinary rays produced by the 
double refraction of the plate M N. 
When the plate M N is in such a po- 
N sition that either of its neutral axes 

C D, E P, Jig. 94., are in the plane of primitive polarization 
of the ray R r^Jig. 1(X7., then <Mie of the pencils will not suf- 
fer reflexion by the plate B, and consequently only one of the 
rays will be reflected. Hence it is obvious that no colors can 
be produced by inteiference, because there is only one ray. 
But in every other position of the plate M N, the two rays, 
O «, E «, will be reflected by the plate B ; and being polarized 
by the plate in the same plane, they will, by Law 1., interfere, 
and produce a color or a fringe corresponding to the retardation 
of one of the ra^s within the plate, arising from the difference 
of their velocities. If we call d the interval of retardation 
within the plate M N, we must add to it half an undulation 
to get the real interval, as one of the rays passes from the or- 
dimuy to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90°, M N remaining fixed, 
then the ray E will be reduced to the ordinary state ; and con- 
sequenthr we must subtract half an undulation from <2, the in- 
terval of retardation within the plate, to have the real differ- 
ence of the intervals of retardation. Hence the two intervals 
OT retardation will difler by a whole undulation ; and conse- 
quently the color produced when the plate B has been turned 
round 90°, will be complementary to that which is produced 
wtoi the plate B has the position shown in Jig. 107. 

If we suppose the rays E and O to be received upon and 
analyzed by a prism of Iceland spar, we shall have two or- 
?i^'"U!?!J"^'^®"°ff ^ ^orm the colors in one image, and 
;!^f!K!T*'l^ ^y^ mterfering to produce the complement- 
try colore m the other unage. ^ 
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CHAP. XXV. 



(124.) In a preceding chapter I have mentioned the verj 
remorkaUe double re&Bction which is poseessed by analcima. 
This mineral, whicb is also called cvbizile, baa been reg&rded 
bv mineralopats as having the cube &r ita primitive fcirm ; bul 
if this were correct, it should have exhibited no double refrac- 
tion. Anolcime has certainly no cleavase planes, and it musL 
be regarded at present as forming in this reepeot as great an 
anooial; in crystallography as it does in optics by its eztra- 
Ofdiniiry optical phenomeDs. 

The most common form of the anslqme is the solid called 
the icontelrakedTOTt, which is bounded by twenty-four equal 
and aimilar trapezia ; and we may regard it as derived from 
tlie cube, b;r cuttiiig off each cf its angles by three planes 
equally incUned to the three &ces which (Mntain the a>M 
angle. If we now coaceive the cube to be dissected by planes 
passing through all the twelve diagooals of its six &ces, each 
of these planes will be ibund to be a plane of no double re- 
daction, or polarizatbn ; that is, a ray (a polarized light trans- 
mitted in any direction whatever, provided it is in one of these 
planes, will exhibit none of the polarized tints when tlie 
ciystal is placed in the apparatus, j^. 94. Tiiese planes r£ 
' " ~ " e shown by dark lines in ^». 108. and 
109. If the polarized ray is in- 
cident in any direction whicb 
is out of these planes, it wilt 
be divided into two pencils, and 
eidiibit the finest tuts, alt of 
which ate related to the planes of 
no double retractitn. The double 
rc&action is sufficiently great to 
admit B distinct separation of the 
images when the incident ray 
passes through! any pair of the 
four planes which are adjacent to 
, the Uiree axes of the solid, or of 
L the cube from which it is derived. 
f The least refracted injaffe is the 
extraordinary one ; and conse- 
quently the double refraction is 
negative in letation to the axes 
to which the doubly refracted ray 
is perpendicular. 
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1q dl other doubly refracting crystals, each particle has the 
nine force of double refraction; but in the analcime, the 
double refraction of each particle varies with the square of its 
distance firom the planes alreadv described. 

The beautiful distribution of the tints shown in Jigs, 108. 
and 109. cannot, of course, be exhibited to the eye at once, 
but are deduced by transmitting polarized light in every 
direction through the mineral. 

In several of the crystals, the tints rise to the third and 
fourth order ; but when the crystals are very small, the tints 
do not exceed the white of the first order. The tints ^ire ex- 
actly those of Newton's scale, which indicates that they are 
not the result of opposite and dissimilar actions. Jnjigs. 106. 
and 109. the tints aise represented by the fiiint idiad^ lines 
having their origin from the planes where the double refrac- 
tion disappears. 

J The preceding property of analcime is a simple and easOy 
applied mineralogical character, which would identify the most 
shapeless fragment of the mineral. 

The abbe Hauy first observed in this mineral its property 
of yielding no electricity by friction, and derived thie name of 
analcime from its want of this property. When we consider 
that the crystal is intersected by numerous planes, in which 
the ether does not exist at all, or has its properties neutralized 
by opposite actions, we may ascribe to this cause the difficulty 
with which friction decomposes the natural quantity ci elec- 
tricity residing in the mineral 



CHAP. XXVI. 

on OmOULAR rOLARIZATIOIf. 

(125). Im all crystals with one axis there is neither double 
refraction nor polarization alon^ the axis; and this is indicated 
in the system of rings, by the disappearance of all light in the 
centre of the rings at the intersection of the black cross. 
When we examine, however, the system of rin^ produced 
by a plate of rock crvstal whose feces are perpendicular to the 
axis, we find that the black cross is obliterated witliin the 
inner rin^, which is occupied with a uniform tint of red, 
green, or blue, according to the thickness of the plate. This 
efl^t will be seen in Jig, 110. M. Arago first observed 
these colors in 1811. He found that when thev were analyzed 
by a prism of Iceland spar, the two images had complementary 
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eokm, and that the colors changed, descending Id Newton's 

Fir- 110, scale as the prism revolved ; so Ehat if 

the color of the extraordinar]' image 

was red, it became in succession oranee, 

yellow, green, and violet. From this 

(result he concluded, that the differently 
ccdored rays bad been polarized in dif- 
ferent planes, by passing along the axis 
of the rock crystal. In this state of the 
subject, it was taken up by M. Biot, who 
investigated it with much sagacity and 
soccesa. 
Let C E D F be the plate of quartz, fg. 94., along whose 
axis a polarized ray, ri, is transmitted. When the eye is 
placed at O, above the analyzing plate fixed as in the figure, 
It will see, for example, a circular led space in the centre of 
the rings. If we turn the quartz round its aiis, no change 
whatever takes place ; but if we turn the plate B from right 
to left, through an angle of 100° for example, tve shall observe 
the red change to orange, yellow, green, and violet, the latter 
having a dark purple tinee. If we now cut from the same 
firism of rock crystal another plate of twice the thickness, and 
place it in the apparatus, the plate B remainlag where it was 
left, we shall find that its lint is different from that of the 
{brmer plate ; but by turning the plate B 100° ferther, we 
■haH again bring the tint to its least brightness, viz., a sombre 
nolet. By a plate thrice as chick, the least brightness will 
be obtained by turning the plate B 100° farther, and so on, till, 
when the thickness is very great, tJie plate B may have made 
leveral complete revolutions. Now, it might happen that a 
ttiickness had been taken, so that the rotation of B which pro- 
duced the sombre violet was 360°, <f[ terminated in the point 
V, from which it set out, which would have perplexed the 
(fnerver, if he had not made the succession m experiments 
Thicb we have mentioned. 

This phenomenon will be better understood, by supposing 
that we take a plate of quartz ^th of an inch thick, and use 
the different homogeneous .ays of the spectrum in succession. 
Beginning with red, we shall find that the red light in the 
centre of the rings has its tnaxijaum brightness when the 
:*late B is at 0° of azimuth, as m ^. 9t ilf we turn B from 
right to leji, the red tint will gradually decrease, end after a 
fetation of 17^° the red tint will wholly vanitk, having rcacb- 
M its minimum. With a plate ^ths thick, the red wiE 
inish at 35°, every additional thickness of the 25th of an 
'nch requiring an additional rotation of 17}°. If the light is 
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viokt^ the tame thickness, viz., ,^th of an inch, wDl reqube a 
rotation of 41^ to make it vanish, every additional 25th of 
an inch of thickness requiring a rotation of 41^ more. 

(126.) The rotations fbr difierent colors corresponding to 1 
millimetre, or ^th of an inch of qaartz, are as follows: — 



Bxtreme red 

Mean red - 

Limit of red and oran^ • 

Mean orange 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- 
Mean green • • • 



Arc* of 

ROOttOB. 



170 30' 

19 00 

20 2!) 

21 24 

22 10 

24 00 

25 40 
27 51 



HOBOfCOMIM laf . 



Limit of green and blue • 

Mean blue 

Limit of blue and indigo 
Mean indigo .... 
IJmit of indigo and ▼iolet 

Mean violet 

Extreme violet • • • 



An of 
Sr4attoik 



30O03' 

32 19 

34 34 

36 07 

37 41 
40 53 
44 05 



Upon trying various specimens of quartz, M. Biot found 
that there were several in which the verv same phenomena 
were produced hy turning the plate B from left to ri^kL 
Hence, in reference to this property, quartz may he divided 
into right-handed and left-handed quartz. 

Prom these interesting facts it follows, that, in pasding 
along the axis of quartz, polarized light comports itself, at its 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral within the crystal, in some speci* 
mens from right to left, and in others from left to right. ** To 
conceive this distinction," says Mr. Herschel, " let 3ie reader 
take a common cork-screw, and holding it toith the head to- 
wards him, let him turn it in the usual manner as if to pene- 
trate a cork. The head will then turn the same way as the 
plane of polarization of a ray, in its progress ftrom the spec* 
tator through a W^/^-^ne2ea crystal, may be conceived to da 
If the thread of me cork-screw were revereed, or were what 
is termed a left-handed thread, then the motion of the head 
as the instrument advances would represent that of the plane 
of polarization in a left-handed specimen of rock crystal.'' 

From the opposite characters of these two varieties of quartz, 
it folk)ws, that if we combine a plate of right-handed with a 
plate of left-handed quartz, the result of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknesses. Thus, if a 
plate ^th of an inch thick of right-handed quartz is combined 
with a plate Aths thick of Uft-handed quartz, the same colors 
will be produced as if we used a plate v^ths of an inch ^ 
thick of left-handed quartz. When the thicknesses are equal, ' 
the plates of course destroy each other's effects, and the sys- 
tem of rings with the black cross wUl be distinctly se^n. 

(127.) In examining the phenomena of circular polarization, 
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in the amethyst, I found that it possessed the power in the 
«ame specimen of turning the planes of polarization both 
from right to left and from left to right, and that it actually 
consisted of alternate strata of right and left-handed quartz^ 
whose planes were parallel to the axis of double reaction of 
the prisDL When we cut a plate perpendicular to the axis of 
the prism, we therefore cut across these strata, as shown in 
Jig, 111., which exhibits sections of the strata which occur 
Fig. 111. opposite the three alternate feces of the 

six-sided prism. The shaded lines are 
those which turn the planes of polariza- 
tion from right to left, while the inter* 
mediate unshaded ones and the three un* 
shaded sectors turn them from left to 
right. These strata are not unit^ to* 
gether like the parts of certain composite 
crystals, whose dissimilar faces are 
brought into mechanical contact ; for the 
right and lefl-handed strata destroy each 
other at the middle line between each stratum, and each stra- 
tum has its maximum polarizing force in its middle line, the 
force diminishing gradually to the lines of junction. 

In some specimens of amethyst the thickness of these strata 
is so minute, that the action of the right-handed stratum ex- 
tends nearly to the central line of the lefl-handed stratum, 
Imd vice versd, so as nearly to destroy each other ; and hence 
in such specimens we see the system of colored rings with 
the black cross almost entirely uninfluenced by the tints of 
circular polarization. A vem of amethyst, therefore, ^th of 
an inch thick in the direction of the axis, may be so thin in a 
direction perpendicular to the axis that the arc of rotation for 
the red ray may be 0^ ; and we shall have the curious phe- 
nomenon of a plate which polarizes circularly only the most 
refrangible rays of the spectrum. By a greater decree of 
thinness in the strata, the plate would be incapable of polar- 
izing circularly the yellow ray; and by a greater thinness 
still, there would be no action on the violet light These 
feeble actions, however, might be rendered visible at great 
thicknesses of the mineral. 

We may therefore conclude that the axes of rotation in 
amethyst vary from 0° to each of the numbers in the preceding 
table, accordmg to the thickness of the strata. 

The coloring matter of the amethyst I have found to be 
curiously distributed in reference to these views; but I must 
refer to the original memoir for ferther information.* 

* Edinburgh Transactions, vol. ix. p. 139. 
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M. Biot maintained that this remarkaUe property of quartz 
resided in its ultimate particles, and accompanied them in ail 
their combinations. I have found, however, that it is not pos- 
sessed by opal, tabtisheerj and other silicious bodies, and that 
it disappears in melted quartz, Mr. Herschel also found that 
it does not exist in a -solution of silica in potash. 

Hitherto no connexion could be traced between 
the right and lefl-handed structure in quartz, and 
the crystalline form of the specimens which poesesB- 
ed these properties. Mr. Herschel, however, dis- 
covered that the plagiedral quartz which contains 
unsymmetrical &ces, x x x^fi^. 112., turns the planet 
of polarization in the same durection in which these 
fitces lean round the summits Axx, axx. 

Circular Polarization in Fluids, 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain fluids, in which it 
was discovered by M. Biot and Dr. Seebeck. Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
it in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentine, 
and place it in' the apparatus, fig. 94, so that polarized light 
transmitted through the oil may be reflected to the eye from 
the plate B, we snail observe the complementary colors and a 
distinct rotation of the plane of polarization from right to left. 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in the foUowing tables 
which contains the results of M* Biot's experiments. 

Crystals which turn the Planes ftom Right to Left. 




Rock crystal 

Oil of turpentine 

Solution of 1753 parts of artificial camphor > 
in 17359 of alcohol ...... ( 

Essential oil of laurel. 

turpentine. 



Arc or Rotation 
for cTenrSbtb 
nf an inch io 
ThirkocM. 



180 25* 

16 
01 



1 

RelaUTcTMrk* 
DCMM that 
prodnce iha 
■am. HMKt. 




Crystals which turn the Planes ftom Left to Right 



kock crystal . . . . . TT 
Essential oil of lemons . - . 
Concentrated syrup (fit)m sugar) 



ArcoTRaUtlon Relatira Tbkk 



for erery 38th 
of an inch In 
TbkkiXM. 



180 25' 
26 
33 



B»aM that 
p. educe Om 
•am* KSM. 



1 

38 



u 
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In examining these phenomena, M. Fresnel discovered that 
in quartz they were produced hy the interference of two 
pencils formed hy douhle refraction along the axis of the quartz. 
He succeeded in separating these two pencils, which differ 
both from common and polarized light They differ from 
polarized liglxt, because when either of them is doubled by a 
doubly refracting crystal, the pencil or image never vanishes 
during the revolution of the crystal. They di£fer from com« 
mon light, because when they suffer two total reflexions firom 
^lass, at an an^le of-about 54^, the one will emerge polarized 
in a plane inclmed 45^ to the right, and the other in a plane 
45^ to the left, of the plane of total reflexion. M. Fresnel 
has also discovered the following properties of a circularly 
polarized ray : — When it is transmitted through a thin doubly 
refracting plate parallel to its axis, it is divided into two 
pencils with complementary colors ; and these colors will be 
an exact quarter of a tint, or an order of colors, either higher 
or lower in Newton's scale, than the color which the same 
crystallized plate would have given by polarized light M. 
Fresnel also proved that a circularly polarized ray, when 
tmnsmitted along the axis of rock ciyi^al, will not exhibit the 
complementary colors when analyzed. 

(129.) In the prosecution of this curious subject, M. Fresnel 
discovered the following method of producing a ray possessing 
all the above properties, and therefore exactly similar to one 
of the pencils produced by circular double refraction. Let 
ABC DfjUg, 113., be a paxallelopiped of crown ^ass, whose 
index of remiction is 1'510, and whose angles A B C, A D C 
are each 54^^. If a common polarized ray, R r, is incident 
J^. 113. perpendicularly upon A B, and emerges 

perpendicularly from C D, after having 
suffered two total reflexions at E and F, at 
angles of 54}^ ; and if these reflexions are 
peribrmed in a plane inclined 45^ to the 
plane of polarization of the ray, the emer- 
gent ray F G will have all the properties 
ma. circularly polarized ray, resembling in 
every respect one of those produced by 
double refraction along the axis of rock 
crjTstal. But as this circularly polarized 
ray may be restored to a single plane of 
polarization, inclined 45<^ to the plane of reflexiouj by two 
total reflexions at 54^^, it follows, and I have verified the re- 
sult by observation, that if the parallelopiped A B C D is 
sufliciently long, the pencil will emerge circularly polarized, 
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at 2, 6, 10, 14, 18 reflexions, and polarized in a single plane 
after 4, 8, 12, 10, 20 reflexion& 

M. Fresnel proved that the* ray R r would emerge at G, 
circularly polarized by three total reflexions at 69^ 12', and 
four total reflexions at 74^ 42'. Hence, according to the pre- 
ceding reasoning, the ray will be circularly polarized by 9, 
15, 21, 27, dtc reflexions at 69^ 12', and restored to common 
polarized light at 6, 12, 18, and 24 reflexions at the same 
angle ; and it will be circularly polarized by 12, 20, 26, 36, 
&c. reflexions at 74° 42', and be restored to common polar- 
ked light by 8, 16, 24, 92, &c. reflexions. 

I have found that circular polarization can be produced by 
2}, 7^, 12^, &jc reflexions, or any other number which is a 
multiple of 2^ ; for though we cannot see the ray in the mid- 
dle of a reflexion, yet we can show it when it is restored to a 
single plane of polarization, at 5, 10, 15 reflexions.'*' When 
we use homo^neous light, we And that the angle at which 
circular polarization is produced is diflerent for the diflerently 
colored rays; and hence these diflerent rays cannot be restcured 
to a single plane of polarization at the same angle of reflexion. 
Complementary colors will therefore be produced, such as I 
described long ago, and which, I believe, have not been ob- 
served by any other person.! These colors are essentially 
diflerent from those or common polarized li^ht, and will be 
understood when we come to explain those of elliptical polar- 
ization* 



CHAP. XXVIL 

ON niJPTIGAL POLARIZATION, AND ON THE ACTION OF 

METALS UPON LIOHT. 

Oti Elliptical Polarization, 

(130.) The action of metals upon light has always present- 
ed a troublesome anomaly to the philosopher. Malus at first 
announced that they produced no effect whatever; but he 
afterwards found that the difference between transparent and 
metallic bodies consisted in this,— that the former reflect q)1 
the light which they polarize in one plane, and refract all the 
light which they polarize in an" opposite plane; while metaUie 
bodies reflect lohat they po larize in both planes. Before I was 

* See Phil. Tran$aetitms, 1830, p. 301. 
t See Phil. Tratuaetioiu, 1830, p. 309. 325. 
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acquainted with any of the experiments of Ma] us, I Iiad ftmnd*^ 
that light was modified by the action of metallic bodies ; and 
that, in all the metals which I tried, a great portion of light 
was polarized in the plane of incidence. In February, 1815^ 
I discovered the curious property possessed by silver and gold 
and other metals, of dividing polarized rays into their comple- 
mentary colors by successive reflexions : but I was misled by 
some of the results into the belief that a reflexion fi^m a 
metallic surface had the same e^ct as a certain thickness of 
a crystallized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing 
the number of reflexions. M. Biot, in repeating my experi- 
ments, and in an elaborate investigation of the phenomena,! 
was misled by the same causes, and has given a lenfftbened 
detail of experiments, fbrmulte, and speculations, in which all 
the real phenomena are obscured and confounded. Although 
I had my full share in this rash generalization, yet I never 
viewed it as a correct expression of the phenomena, and I 
have repeatedly returned to the subject with the most anxious 
desire of surmounting its difficulties. In this attempt I have 
succeeded ; and I have been enabled to refer all the phenomena 
of the action of metals to a new species of polarization, which 
I have called eUipHcal polarization, and which unites the two 
classes of phcinomena wnich constitute circular and rectilineal 
polarization. 

(181.) In the action of metals upon common liffht, it is easy 
to recognize the fact announced by Mains, that the light 
which 3iey reflect is polarized in diflTerent planes. I have 
fiMind that the pencil polarized in the plane of reflexion is 
always more intense than that polarized m the perpendicular 
plane. The difference between these pencils is least in silver, 
and greatest in galena, and consequently the latter polarizes 
more light in the plane of reflexion than silver. The rollowing 
table riK>ws the effect which takes place with other metals: — 

Order in tohick the MetdLs polarize most Light in the Plane of 

Reflexion, 

ealena. Steel. Copper. PJnegold. 

Lead. Zinc. Tio |riate. Common lUver. 

Grey cobalt. Speculum metal. Brass. Pure silver. 

Arsenical cobalt. Platinum. Grain tin. Total reflexion 

Iron pyrites. Bismuth. Jewellers' gold. from glass. 

Antimony. Mercury. 



• Treatif on A*m* PkOee. IiutrumnU, p. 347. and Prafiioa. 
t TVotU its Pkymque, torn. !▼. p. 579. 000. 



193 A TBKATISB OH OPTICS. FAST n* 

By increasing the number of reiexioos, the whole oi the 
incident lig^ht may be polarized in the plane of reflexion. 
Ei^ht reflexions from plates of steel, between 60^ and 80^, 
v&nze the whole light of a wax candle ten feet distant. An 
ucreased number of reflexions [above 3^ is necessary to do 
this with pure silver; and in total reflexions ftoax glass, 
where the circular polarization begins, and where the two 
pencils are equal, the effect cannot be produced by any number 
of reflexions. 

In order to examine the action of metals upon polarized 
light, we must provide a pair of plates of each metal, flatly 
ground and highly polished, and each at least 1^ inch long 
and half an inch broad. These parallel plates sfiould be fixed 
upon a goniometer, or other divided instrument, so that one 
OI the plates can be made to approach to or recede from the 
other, and so that their sur&ces can receive the polarized ray 
at different angles of incidence. In place of mving the plates 
a motion of rotation round the polarized ray, I have found it 
better to give the plane of polarization of the ray a motion 
round the plates, so that the planes of reflexion and of polari- 
zation may be set at any required angle. The ray reflected 
from the plates one or more times is Uien analyzed, either by 
a plate of slasa or a rhomb of Iceland spar. 

When the plane of reflexion &om the plates is either par^ 
aUel or perpendicular to the plane of primitive polarization, 
the reflect^ light will receive no peculiar modification, ex- 
cepting what arises firom their property of polarizing a portico 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexions, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
explain. One of these, however, is so beautiful and striking, 
as to arrest our immediate attention. When the plates are 
silver or gold^ the most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changing with 
the angle of incidence and the nutpber of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is 0° or 90°. All the other metals in the table, 
p. 191, give analogous colors; but they are most brilliant in 
silver, and diminish in brilliancy from silver to galena. 

In order to investigate the cause of these phenomena, let 
OS suppose steel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
mcidence of 75° the light has suffered some physoMcal change, 
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which is a maxunuTn &t that uigle. It is not polHriied light, 
becaaae it does Dot vanish duriiw the revolatimi c€ the ana< 
lyzing plate. It is neither partially polarized light iii« com- 
moa light ; because, when we reflect it a aecaod time at 75°, 
it is restored to lipiht polarized in one plane. If we tratwoiit 
the light reflected trom steel at 75° along the axis of Iceland 
spar, the ^stem of rings shown iajig. 96- is changed into the 
oyBtem shown in>!^. 114., sa if a thin film of a crfstalliied 
Fit- lu. ^"^f which polarizes the blue of the 

first order had crcesed the sTstem. If 
we substitute for the calcareous apar 
films of sulphate oT lime which ffive 
difierent tints, we dudl And that tfiestt 
tints are increased in value bf a quai>- 
tity neady equal to a quarter of a tint, 
according as the metallic action coin- 
cides wiU) or opposes that of the crys- 
tal It was on the authority of this 
experiment that I was led to believe 
that metals acted libe crystallized plalea. And when I found 
that the colors were better developed and more pure after 
Buccessire reflezionB, I rashljr concluded, as M. Biot also did 
after me, that each successive reflexion corresponded to an 
additional thickness of the film. la order to prove the error 
of this opinion, let us transmit the light reflected 2, 4, 6^ 8 
timea from steel at 75° along the axis of Iceland spar, and we 
^jall find that the system of rings is perfect, and that the 
whole d' the light is polarized in one plane ; a result absolutely 
incompatible with the supposition (^ the tints rising with the 
number of reflexions. At I, 3, 5, 7, 9, 11 reflexions, the ligh. 
when transmitted al<nis the axis of Iceland spar will produce 
■n effect equal to nearly a quarter of a tint, beyraid which it 
never rises. 

I now conceived that light reflected I, 3, 5, 7, 9 times fit»n 
steel at 75° resembled circularly polarized light In circularlj 
polarized light produced by (leo total reflexions Iroai ^lass, tha 
ray origimJly polarized + 45° to the plane of reflexion is, by 
the two reflexions at the same angle, restored to light pdanzed 
— 45° to the plane of reflexion ; whereas in steel, a ray polar- 
ized + 45°, and reflected ottce from steel at 75°, is restored by 
another reflexion at 75° to light polarized — 17°. 

With difierent metals the same effect is produced, tnit th* 
inclination of the plane of polarizati(») d* the restored ray i« 
difl^nt, u the following t&ble shows i — 
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it 1}, 21t et waj other mixed number, tlMt the mj miMt have 
Moouiacl ita dlipticKl polaniatka in tbe middle of the seeood 
■na third reflezuD ; tMt is, when it had reached its gre^eat 
depth within tbe metallic surfiure It then begins to reaume ita 
■bite of potarizalioa in a single jdane, and recovers it at tbe 
rod of 3, 5| and 7, reflexiona. A Teiy remarkable effect takes 
place whea ooe refleziou i» made en one aide of the maxi- 
Buun pf»l« rising allele, and one on the other side. A ra^ that 
liaa recetred partial elliptical polarixatim by one reflexKm at 



B; a method which it would be out of place to explain 
here, I have determined the number of poiiits of restoratioa 
irbidi can occor at different angles of incidence from 0° to 
S()°, Sx any number ot reflexions; and I have repreaeDted 
tbtti in Sf. 115^, where the arches I, L, 11, n.,&c. rep«sent 
fin quauut of incidence, for one, tteo, iic refiezimi; C 



bow the pobt of IK, and B that of 90° of incidence, b tbs 
quadrant, I, L there is no point of restoration. In n, H there 
IS oriy one point or node of restoration, viz. at 73° in aiher. 
In III, m. tnere are two points of restoration, because a ra; 
elliptically polarized b^ one and a half reflexion will be re> 
Rored bj three reflexiona at 68° 43' bcaieatb the maximum 
polarizing angle, and at 79° W above that angle. It may also 
OB diown that for IV. refleiions there are 3 poinW of restora- 
tion, for V. reflexions 4 points ; and for VI. reflexions 5 pointy 
■a shown in the figure. Tbe loops or double curves are drawn 
to represent the intensity of the elliptic polarization which 
baa Its minimum at 1, 2, 3,&c., and its maiimum in the middle 



1, 3, 3,&c., and its muimum in the middle 
of the unshaded parts. If we now use homogeneous light, 
ve riwll find that the loops have different sizes in the difierent 
ntored nyt, and that their minima ana maxima are diSeienL 
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Hence, in the Vlth quadrant, C B for example, there will he 
6 loops of all the different colors, viz. CI; 1, 2; 2, 3; 3, 4, 
&LC. ; overlapping one another, and producing by their mixture 
those beautiful complementary colors which have already been 
mentioned. Fch: a more full account of this curious branch 
of the subject of polarization, I must refer the reader to the 
Philosophical Transactions, 1830; or to the Edinburgh 
Journal of Science, Nos. VIL and YIIL new scries, April, 183L 



CHAP-XXVm. 

€nt THB POLARiaSINO STRUCTURE PRODUCED BT HEAT, OOUI, 
OOBIFRXSSION, DILATATION, AND INDURATION. 

. TfKE various phenomena of double refraction, and the syi* 
tems of polarized rings with one and two axes of double re- 
friiction, and with planes of no double refraction, may be pro- 
duced' either transiently or permaruently, in glass and other : 
EUtetances, by heat and cold, rapid cooling, compresaion and 
dilatation^ and induration. 

1. Transient Influence of Heat and Cold. 

• ■ ^ " 

(1.) C^inders of glass with one positive axis of doubU 

refraction. 

(133.) If we take a cylinder of glass, from half an inch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit beat from its circumferen<!b to 
its centre, it will exhibit when exposed to jx^arized light, in 
the apparatus, fg. 94., a system of rings with a black cross, 
exactly similar to those in Jig 98. ; and the complementary 
system shown in fig. 99. will appear by turning round the 
p^te B 90°. In this case we must hold the cylinder at the 
distance of 8 or 10 inches from the eye, when the rings will 
appear as it were in the inside of the glass. If we cover up 
any portion of the surface of the glass cylinder, we shall hide 
a corresponding portion of the ringd, so that the cylinder has 
its smgle axis of double refraction Jixed in the axis of its 
figure, and not m every possible direction parallel to that axis 
as in crystals. 

By crossing the rings with a plate of sulphate of lime, aa 
£]raierly explained, we ^all find that it depresses tiie tints in 
the two^quadrants which the axis of the plate crosses; and • 

R2 
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consequently that the qrstem of rings is negative^ like that c^ 
calcareous spar. 

As soon as the heat reaches the axis of the cylinder, the 
nnga begin to lose their brightness, and when the heat is 
onwumly diffused through the glassy they disappear entirely. 

(2.) CyUnder» qf glass with a negative axis of double 

reaction. 

(134) If a similar cylinder of glass is heated nni&nnly in 
boiling oil, or otherwise broufl^t to a considerably high tem- 
perature, and is made to cool rapidly by surrounding ita cir- 
cumference with a good conductor, it will exiiibit a similar 
fnrstem of rings, which will all vanish when the glass is uni- 
formly cold. 1^ crossing these rings with sulphate of lime, 
they will be found to be positive^ like those of ice and zircon ; 
or the same thing may be proved by combining this S3rstem of 
rings with the preceding system, when they will be found to 
destroy one another. 

In both these systems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis- 
tance of that point firom the axis. By placing thin films of 
sulphate of lime between two c^ these systems of rings, very 
b^utiful systems may be produced. 

(3.) Oval plates qf glass with two axes of double refraction, 

(135.) If we take an oval plate A B D C, fig. lift, and 
Fir 118. perform with it the two preceding experi- 
ments, we diall find Hiat it has in roth cases 
taoo axes of double refraction, the principal 
axis passing througrh O, being negatiive when 
it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
A B, C D, correspond to the black ones in 
fig. 101., and the distance m n to the inclina- 
tion of the resultant axes. The efiect shown in fig. 116. is 
that which is produced by inclining in n 45^ to the plane of 
primitive polarization ; but when mn is in the plane of prim- 
itive polarization, or perpendicular to it, the curves A B^ C D, 
will form a Mack cross, as in^. 100. 

In all the prcNseding experiments, the heat and eM might 
have been introduced and conveyed through the glass maa 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
the axes that were formerly negative will now h^ positive^ 
and ?tce vcr«4 
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(4) CkibeM of glasM with double refraction. 

(136.) When the shape of the glass is that of a cube, the 
rings have the fonn shewn in^. 117. and when it is a paral- 
lelopiped with its length about three times its breadth, the 

Fig. 117. Fig. 118. 





rings have the ferm shown in^^. 118. the curves of equal tint 
near the angles being circles, as shown in both the figures 

(5.) Rectangvhir platee of glan vdth planee of no douUe 

refraction, 

(187.) If a well annealed rectangular plate of glass, E FD C, 
18 placed with its lower edge C D on a piece of iron A B D C 
fig. 119., nearly red hot, ami the two together are jdaced in the 

Fig.Ud. 




apparatus, fig. 94., so that C D may be inclined 45^ to the 
pluie of pri*nitive polarization, and that polarized light may 
reach the eve at O from every part of the glass, we shall ob- 
serve the rollowing phenomena. The instant that the heat 
enters the surface C D, fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the heat 
has reached the upper surface E F, or even- the central line 
a b, similar fringes will appear at E F. Colors at first faint 
blue, and then white, yeUoto, orange, &c., all spring up at 
a b ; and these central colors will be divided from those at the 
edges by two dark lines, M N, O P, in which there is nefther 
double refraction nor polarization. These lines conrespond 
with the black curves in ^.101. and^^. 116., and &e struc- 
ture between M N and O P is ne^atiw, like that of cal- 
careous spar ; while the structures without M N and O P are 
positive, like those of zircon. The tints thus developed are 
those of Newton's scale, and are compounded of the diSerent 
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Mia of tiDta thftt would be given in ecch cf the hctnogeDemu 

niya of the Epectrum. 

In these plates there ia obviauslv an infinite number oTsiea 
in the planes pafsing through M N, O P, and all the tints, as 
well OS tbe double refnicticn, can be calculated b; the very 
■ame laws as in regular ciystals, matatis mii3andix. 

If the plate E F D C ia heated equally all round, the fringes 
»re produced with more regularity and quicltness; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it wilt develope the souie fringes, but the central ones 
at a A will in this last cose be potUive, and the outer onea 9i 
E F and C D wgative. 

Similar efiects to those above described may be produced in 
■unjiar plates of rock salt, obsidian, lluor spar, copal, and other 
■tdids that iiavc not tie doubly reftacting structure. 

A series of splendid phenoipenB aie produced by crcesing simi- 
lar or diwimtlar plates of glass when their fringes are devSoped. 
When timilar plates of^ass, or those in which the fringes are 
produced by heat, as mfig. lI9.,Biecrossed, the curves or line* 
ofequal tint at the square of intersection, A BC D, ^^. 120:, 
fif_ ISO. will be hyperbola& The tint at the 

centre will be the diSerence of the 
central tints of each of Ihe.two plate^ 
and the tints of the succeeding' hy- 
perbolas will rise gradually in the 
scale above that central tint. If the 
tints produced by each plate are 
precisely the same, and the plates of 
the same sh^K, the central tints will 
destroy each other, the hyperbolaa 
will be equilateral ones, and the tints 
will gradually rise from the zero of 
Newton's EcaJe. 
When dissimilar plates are crossed, as in Ji^. 121., viz. one 
iti which the fringes are produced by heat with one in which 
they are produced by cold, the lines of equal tint in the square 
of intersection A B C D C/ie-. 121.), wilt be eHipses. The tints 
in the centre will be equal to the sum of the separate tints, 
Btid the tints formed by the combination of the external fringes 
will be equal to their diSerence. If the plates and their tints 
are perfectly equal, the lines ofequal tint will be circles. The 
beauty of these combinations can be understood only from col- 
ored drawings. When the plates are combined lengthwise, 
ihcy add to or subtract from each other's efiect, according ai 
•imilar or dissimilar fringe^are opposed to one another. 
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(138.) If we place a sphere of gla« in « g]am trou^ d'hot 
ul, and obierve the system of riuffs, while the he&t it paflnog 
to the centre of the sphere, we Arall find it to be k f^ulw 



Jtbem, exftctly like that in ff. 98. ; and it will n^ no 
hj turniog the sphere in any direction. Hence the 



nstein, 



inhere has an inmite number c^ positive axes cf double 
inction, or twe along each of its diameters. 

If B very hot sphere of glass is placed in a glass tnojrb of 
cold oil, a simiUr system will be produced, but the axe* will 
all be negative. 

(7.) ^heroidi qf gluts v^h ime axit of douUe re/rMthn 
tfloiu- the axit qf revolufton and two axet along lAe eqv»- 
toriai diametert. 

(139.) If we pisce an oblate spheroid in a glass tmugh of 
bot oil, we shall find that it has one axis of po*itive double 
refraction along its shorter axis, or that of revuntian ; but if 
we transmit the polarized li^bt along any <^ its equatorial 
diameters, we shall find that it has two axes cf double refrac- 
tioa, the black curves sppearing as in Jig. 116. when the axis 



])erpendicular to the plane of primitive polarization. 

The very same phenomena will be exhibited with a prolate 

Sheroid, only the black croai opens in a different |dane when 
e two axes are developed. 

Opposite systems of rings will be developed in both these 
caaes, if hot spheroids are plunged in cdd oiL 
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The reason of using oil is to enable the polarized light to 
pass through the ^eres or si^roids without refraction. The 
oil should have a refractive power as near as possible to that 
of the glass. 

A number of very curious phenomena arise fiom heatings 
and cooling glass tubes, or cylinders, along their axes ; the 
most singular variations taking place according as the heat 
and cold are applied to the circumference, or to the azis^ or to 
both. 

(8.) Influence of heat an regular crystdU. 

(140.) The influence of uniform heat and cold on resular 
crystals is very remarkable. M. Fresnel found that heat duates 
sulphate of lime less in the direction of its principal axis 
than in a direction perpendicular to it ; and professor Mitscher- 
lich has found that Iceland spar is dilated by heat in the di- 
rection of its axis of double refraction, while in all directions 
at right angles to this axis it contracts ; so that there must be 
dome intermediate direction in which there is neither contrac- 
tion nor dilatation. Heat brings the rhomb of Iceland spar 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate of lime, professor Mitscherlich 
found that the two resultant axes (P, P, fi^, 106.) gradually 
approach as the heat increases, till they unite at O, and fonn 
a single axia By a still &rther increase of heat they open 
out on each side towards A and R A very curious fact of an 
analogous kind I have found in glauberite, which has one axis 
of double refraction for violet, and two axes for red light. 
With a heat below that of boiling water, the two resultant 
axes (P, P, fg. 106.) unite at O, and, by a slight increase of 
heat, the resultant axes again open out, one in the direction 
O A, and the other in the direction OR By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A R 

2. On the permanent Influence of sudden Cooling. 

(141.) In March, 1814, 1 found that glass melted and sud- 
denly cooled, such as prince Rupert's drops, poesi^Bed a per- 
manent doubly refracting structure ;* and in December, 18H 
Ur. Seebeck published an account of analogous experiments 
with cubes of glass. Cylinders, plates, cubes, spheres, and 
gpneroids of glass, w ith a permanent doubly refracting struo- 

• Letter to Sir Jowpb Banks. April S. 1814. PML Tratu. i814. 
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tare, maj be fbimed bj hnagiug (he glass to a Ted heat, and 
cooliDg it rapidly at its circuuuereDce, or at iU edges. As 
theae solid hixliea often lose their shape in the process, the 



symmetry of their structure ia affected, and Ihe system of 
Tings or fringes injured ; bo that the pheooinena are tlot pro- 
duced so perfectly as during the transient influence of heat 
&nd cold. It is often necessary, too, to grind and polish the 
Buriaces afiesh : an operation during which the solids ara 
often broken, in consequence of the state cf constraint in 
^bicb the particles are held. 

An endless variety of the moat beuitiful optical figorea 
naay be produced by cooling the gloss uptm metallic patterns 
(metals being the best conductors) applied symmetrically ta 
each Eiir&ce of the glass, or symmetrically round its circum- 
ference^ The heat ma; be thus drawn oS' &om the glass w 
lines of any form or direction, so as to give any variety wbat- 
ever to its structure, and, consequently, to the optical figurs 
which it produces when exposed to pcJwiied light. 



but in glass solids that have received the doubly refracting 
structure, either transiently or permauently, from heat, the 
rings depend entirely on Ihe external shape of the solid. If; 
in Jig. 119., we divide the rectangular plate E F D C into two 
eqn^ parts through the line a b, each half of the plate will 
have the same structure as the whole, viz. a negative and two 
pontive structures, separated by two dark neutral lines. In 
Uke manner, if we cut a piece of a tube of glos^, by a notch, 
through its circumference to its centre, or if we alter tha 
■bape of cyhodrical plates and spheres, &c., by grinding them 
into diSereot external figures, we produce a complete (JiaoM 
upon the optical figures whiph they had previously exhibited. 

3. (hi the Influence of Compretium attd Dilatation. 
(143.) If we could compress and dilate the various scdid^ 
above mentioned. with the mme nniEirmity with which we can 
le doubly re- 



nay be well 
■?. 122., and 
B held in tha 
to the plana 
he glass wiQ 
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sepanited from a posidTe set liy the dark Deotral line M N. 
The fHsges on the convex side A B are negative^ and those 




en the concave side poeitive. As the holding fbrce increases^ 
the tinti increase in number ; and as it diminishes, they di- 
minish in number, disappearing entirely when the plate of 
glass recovers its riiape. The tints, which are those of New^ 
Ion's scale, vary with their distances from M N ; and when 
two such plates as that shown in Jig, 122. cross each other, 
they produce in the square of intersection recHlineai fringes 
parallel to the diagonal of the square which joins the an^es 
where the two concave and the two convex sides of the plates 
meet 

When a plate of bent glass is made to cross a jdate crys- 
tallized by heat, and suddenly cooled, the fringes in the squariB 
of intersection are parabolas, whose vertex will be towards 
the convex side of the bent plate, if the principal axis of the 
other plate is positive, but towards the concave side, if that 
axis is negative. 

, The OTOCts of compression and dilatation may be most dis* 
tinctly seen bv pressing or dilating plates or cylinders of 
cahres'-feet jelfy or soft ismglass. 

By the application of compressing and dilating forces, I 
have been able to alter the doubly refracting structure of 
regularly cr3rstallized bodies in every direction, increasing or 
diminishing their tints according to the direction in which the 
forces were applied."' 

The most remarkable influence of pressure, however, is 
that which it produces on a mixture of resin and white wax. 
In all the cases hitherto mentioned of the artificial production 
of double refraction, the phenomena are related to the shape 
ef the mass in which the change is induced : but I have been 
able to communicate to the compound above mentioned a 
double refraction, similar to that which exists in the particles 
Of crystals. The compressed mass has a single axis of double 
refractimi in every parallel directi<Mi, and Sie colored rings 
•re produced by the inclination of the refracted ray to the 
4X1S according to the same law as in regular crystals. If we 

• 8m EUnkurfk rnn$M€ti0iu, vol. viii. p. 281. 
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remove the compressed film, any portion of it will be favmd to 
have one axis of double refraction like portions of a film of 
any crystal with one axis. The important deductions which 
this experiment authorizes will be noticed at Uie conclusion 
of this part of the work. 

4. On the Influence of Indtaration, 

(144.) In 1814 1 had occasion to make some experiments on 
the influence of induration in communicating double refraction 
to soil solids. When isinglass is dried in a glass trough of a 
circular form, it exhibits a system of tints wiSi the blacK croM 
exactly like negative cirstals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a system of rings with one positive axis. If the 
trough in the first of these experiments and the plate in the 
second are oval, two axes of double refraction will be ex- 
hibited. 

When jelly placed in rectan^lar troughs of g^lass is grad- 
ually indurated, we have a positive and a negative structure 
developed, and these are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to allow the 
induration to go on at two parallel sur&ces, the same fringee 
are produced as in a rectangular plate of glass heated in oil, 
and subsequently cooled. 

Spheres and spheroids of jellv may be made by proper in- 
duration to produce the same enacts as s^eres and spneroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one ; 
and in many there are three structures, a negative between 
two positive, and a positive between two negative structurea. 
In some instances we hav6 two structures of the saQie name 
together. By the process of induration we may remove en- 
tirely the natural structure of the lens, especially when it ie 
spherical or spheroidal, and superinduce the structure arising 
from induration. I have noW before me a spheroidal lens cf 
the boneto fish, with one beautiful system of rings along the 
axis of the spheroid, and two s^^stems along Hhe equatorial 
diameters. I have also several indurated lenses of the cod, 
that display in the finest manner their doubly refracting 
structure. 

S 
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(145.) In dl regnkrlf fanned doubly tefiactin^ crystols, the 
MD«raUm rf the two iroagea, the nze of the rmg^ and tb« 
vdne (rf" the tinta, ue esutly the mme in aU puralle! dire<i- 
tiona. If two crystal^ however, haye (frown together witi 
their axes inclinwl to one another, and if we cut a plate out 
at these united crystals so that the eye cannot distmeuiEh it 
from a plate cut oat of a single crystal, the eapoeure of such a 
crystal to poiarized li^ht will instantly detect its coinpoeite 
nature, ana will exhihit to the eye the very line ofjonctioii. 
This will be obvious upon considering that the polarized nj 
has different inclinations to the ejEiB of each crystal, and vill 
therefore produce different tints at these different inclinnlions. 
Hence the examination of a body in polarized light fufniehw 
us with B new method of discovering itructures ichick a" 



i be delected by the microscope, or any other method of 
observation. 

A very fine example of this is exhibited in the Mpyramiial 

tuiphale of potaah, which Count Boumon and other c/yslil- 

logTaphers regarded ae one simple crystal, wbcee primitiis 

farm was the bipyramidal dodecahedron, like the crystal shown 

■"Jw- '12. But by cutting a plate perpendicular to the siii 

of the pyramid, and exposing it to polarized light, I ibund it 

to be composed of several crystals, all united fo as to form the 

regular figure above represented. The crysUtl has two iiM 

of double refraction, and the plane passing through the two 

axes of one, is inclined 60° to the plane passing firough tbs 

two axes of Mch of the other two. So that when we uicliao 

«i^ r 1*'^° S*^**"" *•"« combined crystals dUplays different 

colors. I have found many remarkable stnictur^ <J this lioJ 

kingdom, and among artificiaj salts ; but two 

> interesting as to merit paiticulgi notice. 

apt^hyllite from Faroe generally CTystalliMS « 

iuare prisms, and splits with great acility into 

^ perpendicular to the axis of the priEm. If 

\il ft "? ^■'"^ "■« «H»ermoe( slice, or the i* 

I oe fijund to have one axis of double reftactiai. 

•»" »''««> e»^tT!""v." ^^ "™e manner, we dall find 

'*«^'*d Mni^H. EP***""! light tbey exhibit tiie corioW 

"ONP.«S^!'*^>jSr-ia^ Tho outer c^ 

« a nambw of janlM veing or ^tot In 
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II kienge, a 6 e (f, with one axis of doabls 

mmction, and round it are Ibur 

cl^BtaU, A, B, C, D, with two uea 

of double refnctioo, the plane pssa- 

in^ through the axes of A and D 

bein^ perpendicular to the plane 

passing taro«igh the axes of B and 

C; am the former plane bein^ in 

the direction M N, and the latter in 

the direction O P. 

J. When the polarized light is tran»- 

- mitted through the faces of certain 

pcigms, the beautiful tcBselated figure shown in Jig: 124 is ex- 

"■ ■' ' ' ' parts shining with the moat 

Ah the prism has everjr- 
I where the eome thickness, it is obvious that 
the doubly refracting ibrce varies in difierent 
parts of the crystal ; but this variation tabea 
place in such a symmetrical manner jo reltV 
'' ~ to the sides and ends tf the prism, as to 

It defiance all the fsg, m, 

reccgnized lawa of ji 
erystallography. 

With the view of 
observing the ferm of 
thQ lines of equal co- 
lor, I iuunened the 
crystal in oil, and 
transmitted the polar- 
ized light in a direo 
ItioD parallel to a di- 
agonal of the prism; 
the e^ct thai exhib- 
ited is diown in^. 
125^ where A BCD 
is the crystal ; A C, 
and B D, its edges, 
where the thickness is ntithing, and 
m n the edge through which the di- 
agonal of the prism passes. Now, it 
is obviouj, that if this had been a regu- 
lar crystal, the lines of equal tint or at 
equal double refraction would have 
been all (fratf At line* parallel to A C ( 
or B D; bat in the apophjilita they present the most singular 
ifiegularities, all of which are, however, symmetrically re- 
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Uted toceibin fixed poiotB within the crystal. Inthemiddl* 
rf tba cryatal, half way between m and Tt, there we only^oe 
fringfes or orden of colors; aX points equi-distant from thia 
tlkerc are tix fringes, the eiith reluming into itself in tlte 
fbmi of an oool. At other two equidistant points near m and 
n, the 3d, 4th, and 5th fringes aie aingtilarly serrated, and the 
6th and 7lh fringes letam into themselves in the fonn cd* a 
tquare ; bejood this, near m and n, there are only four fringes, 
in coDsequeoce of the fifth returning into itself! 

(147.) A composite structure (£ a very different kind, bnt 

extremely interesting from the effects which it produces, is 

exhibited in many crvstaia of Iceland spar, which are inter- 

MCted by parallel films ot veins of various ihicknessea, as 

sbown in fig. 126. These thin veins or strata are perpendic- 

f^_ ua. ular to the shMt diagooals E F, G H of the 

laces of the rlumb, aod panllel to the edges 

EG.PH. When we- look perpendicularly 

r through the faces AEBF, DGCH,tbe 



we shall only see two images of any object 
K just as if the planes were not there. But if 
we look through any of tba other two pair 
of parallel facee^ we shall observe the two 
CMnnuxi images at their ueual distance ; and at a much greater 
distance, two secondary images, one on each side of the com- 
mon images. In some cases there areyhur, and in other cases 
fw;, secondary images, arran^ in two lines; one line being 
on each side of the common miages, and perpendicular to ths 
line joining their centres. Wheit the interrupting planes ar* 
numerous, and especially when they ore also fbuod peipen- 
dicular to the short diagonals of the other two &ces of the 
rhomb that meet at B, the obtuse summit, the secondaij 
images are extremely numerous, and sometimes arranged is 
pyramidal heaps of singular beauty, vsnishing, and reappear- 
ingf and changing their coin: and the intensity of their light, 
by every inclinauon of the plate. Ifthe light of the luminous 
object is polarized, the phenomena admit of still greater ca- 
rialions. When the strata or veins are thick, the images are 
not colored, but have merely at their edges the colors of ro- 
fracted light, 

Malus considered these phenoraoia as produced by BieartM 
OT cracks within the crysUl, and he regarded the cdors a« 
those of thin plates of air <v space; but I have found that tbey 
are produced 1^ veinsor twin crystals firmly united together 
fo as to resist separatioii more powerfiiUy than the natural 
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deavage planes, and I have ^nd this both crjrstallographicallr, 
by measuring the angles of the veins, and optically, by ob- 
serving the system of rings seen through the veins alone. 

This composite structure will be understood from ^, 127* 
where A B D C is the principal section of a rhomb of Iceland 

Fig. 127. 




^Nir ivhose axis is A D. The form and position of one of the 
intersecting veins or rhomboida] plates, is shown at M m N n, 
but greatly thicker than it actually is; the angl^ Am M, and 
I) n N, being 141° 44'. A ray of common liffht R 6, incident 
on the face A C at 6, will be refracted in tne lines bCjbd. 
These rays entering the vein M m N n, at c and rf, will be 
again refracted doubly ; but as the vein is so thin as to produce 
the complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c c, df, 
these colors will depend on the thickness of the vein M N, 
and on the inclination of the ray to the axis of the plate M N. 
These double ^ pencils will emerge from the vein at e,y; and 
will be refracted again as in the figure into the pencils e 7/t, 
^n^fOffp', the colors o^ en,fo, beinjg^ complementary to 
those of cw,/^. That the multiplication and color of the 
images are owing to the causes now explained may be proved 
ocularly, as I have done, by dividing rhombs of calcareous 
ipar, and inserting between them, or in grooves cut in a single 
plate of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
crystal may be reproduced in the artificial one, and we may 

five great variety to the phenomena by inserting thin films in 
ifferent azimuths round the polarized pencOs b c,bd, and at 
different inclinations to the axis of double refraction. 

The compound crystal diown in Jig. 127. is in reality a 
natural polarizing apparatus. The part of the rhomb A ?/i N C, 
polarized the incident light R b. The vein M N is the thin 
crystallized veih whose colors are to be examined ; and the 
part B M n D, is the analyzing rhomb. 

Various other minerals and artificial crystals are intersected 

8 2 
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with analogous veins, and prodnce analogous phenomena. 
There are several composite crystals which exhibit remarkable 
peculiarities of structure, and display curious optical phe- 
IM>mcna by polarized liffht The Brazilian topaz is one of 
those which is worthy of notice, and whose properties I have 
«q>lained by colored drawings, in the second volume of the 
Cambridge Transactions, 

For a full account of the properties of composite crystals, 
and of the multiplication of images by the cirstals of cal- 
fareous spar that are intersected by veins, we refer the reader 
to the Edinburgh TVan^fictions, vol. ix. p. 317., and the PhiL 
TVoiw., 1815, p. 270.; or to the Edinburgh Encyclopedia, 
art Opno*. 



CHAP. XXX 

ON TBE DICHBOISM, OR DOUBLB OOLOB, OF BODIK^h; AHD 
THS ABSORPTION OF POLARIZED UOHT. 

(148.) If a crystallized body has a different color in different 
directions when common light is transmitted through iti 
substance, it is said to possess dichroism, which signifies two 
colors. Dr. Wollaston observed this prcmerty long^ ago in the 
muriate of palladium and potash, which appeared of a deep 
red color along the axis, and of a vivid green in a transverse 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Haiiy gave the name of 
dichroite, Mr. Herschel has observed a similar fact in a 
variety of suboxysxdphate of iron, which is of a deep hlooi 
red color along the axis, and of a light green color perpen- 
dicular to the axis. In examining this class of phenomena, I 
have found that they depend on ^e absorption of light, beiii| 
regulated by the inclination of the incident rav to the axis of 
double refraction, and on a difference of color in the two 
pencils formed by double refraction. • 

In a rhomb of yellow Iceland spar, the extraordinary image 
was of an orange yellow color, while the ordinarjr voa&ge was 
yellowish white along the axis. The color and intensity of 
the two pencils were the same, and the difference of color and 
intensity increased with the inclination to the axis. When 
the two images overlapped each other, their combined color 
was the same at all an^es with the axis, and this color was 
tiiat of the mineral. If we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
ordinary image vanishes, and yellowish white in the position 
where the extraordinary image vanishes. The crjrstals in the 



eHAP. XXX. ABSOBFTION OF P0LABI2ED LIGHT.* 211 

fcHowing^ Table possess the same properties, the ordinary and 
extraordinary images having the colors opposite to their 
iifiines : — 

Ccioft of the two Images in Crystdt with one Axia 



Names of Cvn»a3»> 



Zircon. 
Sapphire. 
Ruby. 
Emerald. 
Emerald. 
Beryl, blue. 
Beryl, green. 
Beryl, yellowish 

green. 
Rock crystal, near^ 

ly transparent. 
Rock crystal, yellow. 
Amethyk. 
Amethyst. 
Amethyst. 
Tourmaline. 
Rubellite. 
Idocrase. 
Mellite. 
Apatite lilac. 
Apatite olive. 
Phosphate of lead 
Iceland spar. 
Octohedrite. 



rriaeipal BertioB ia VImm 
of Toterisatioa. 



Brownish white. 
Yellowish green. 
P&le yellow. 
Yellowish green. 
Bluish green. 
Bluish white. 
Whitish. 

Pale yellow. 

Whitish. 

Yellowish white. 
Blue. 

Greywh white. 
Reddish yellow. 
Greenish white. 
Reddish white. 
Yellow. 
Yellow. 
Bluish. 
Bluish green. 
Bright green. 
Or^ige yellow. 
Whitish brown. 



Priaripal Bartlna, pe^endicwtor 
tn PlaiM of folartatlMk 



Deeper broAvn. 
Blue. 

Bright pink. 
Bluish ^ea 
Yellowish gieei. 
Blue. 
Bluish green. 

Pale green. 

Faint brown. 

Yellow. 
Pmk. 
Ruby red. 
Bluish green. 
Bluish green. 
Faint r^. 
Green. 
Bluish whitd. 
Reddish. 
Yellowish green. 
Orange yellow. 
Yellowiih white. 
Yellowish brown. 



(149.) When the crystals have two axes of double refrac- 
tion, the absorption of the incident rays produces a variety of 
phenomena, at and near the two resultant axes. These phe* 
nomena are finely displayed in iolite. This mineral, which 
crystallizes in six and twelve-sided prisms, is of a deep Hue 
color when seen along the axis, and of a brownish yelhw 
when seen in a direction perpendicular to the axis of the 
prism. When we look along the resultant axes which ftre 
inclined 62° 50' to one another, we see a system of ringk 
which are pretty distinct when the plate is thin ; but when ft 
is thick, and when the plane passing through 'the axes is in j 
the plane of primitive polarization, branches of blue and white 
light are seen to diverge in the form of a cross from the centre 
or the system of rings. This curious effect is shown in fig. 
128., where P, P', are the centres of the two systems of rings, 
O the principal negative axis of the crystal, and C D the plane 
passing through 3ie axes. The blue branches, which are 
shaded in the figure, are tipped with purple ^t their sumiidts 
P, P', and are separated by whitish lij^^t in some specim«ns. 
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Mf. m; *n) by bluish light m othera. FWn P 

and P' to O, the while or yellowish light 
becomes more and more blue, «od at O 
it is quite blue ; while from P and P to 
L C and D it becomes more and nu^e 
m yellow, and at C and D it is quite yel- 
r low, the yellow being almost equity 
bright in the plane A C B D, perpendic- 
ular to the principal uis O. When Ibt 
plane C D is pe^ndicular to the plant 
of prioitiTe polarization, the poles P, F ore marked with 

Gtchescf white or yellowish light, but everywhere else the 
jht tt a deep blue. 
Wh^ examined by common li^t, we find that tlie ordbuirg 
imags u broitmith yeliino at C and D, and the extraordinary 
one foiia blue; the former acquiring some blue rayr^ and the 
latter one yellow ones from C to D, and from A to B where 
there \g still a great difference in the color of the image& 
The fellow image becomee fcinter from A to P and P', and 
femSt* Pand P', where it changes into blve, the feeble 
blue image being gradually reinforced by other blue rays till 
Ae ifitengity of the two blue images la nearly equal. The 
&int blue image increases in intensity from C to P. and fitim 
D to P', aad the yellow one acquires an accewion of blue light, 
ftitd becomes bluish white from P and P' to O; the ordinary 
'vaafs is wMlish, and the other a deep blue ; but the white- 
ness gradually diminishes towards O, where the two imagea 
treiihnost equally blue. TIic following table will show tnat 
this property exists in many other crystals: — . 

Celati of l\t iKa tmage$ in CrylaU mflA two Ai^ 



' a—o,^,-. 


'""U^;/-- 


"^Tt^'^'fsr^st:.'"' 


TopBlUlH. 


Whne. 


Blue. 


' frsMi 


While. 


Green. 


greenirtiblue 


Reddish grej. 


Blue. 


. pink. ^^^^. 


Pink. 


While. 




Pink. 


Yellow. 


yrilow 


YellDwiih white. 


Orango. 


"§!?! 


Leromi yellow. 


Purple. 




Lemon yellow. 


YollowiBh while. 


— — ^OMgeydlow 


Gamboge yellow. 


Yeihnviih white. 


g'anita. 


While. 


Blue. 


^h»itt. 


Blue. 




Cymoi4™e. 


Yellowidi while. 


Yellowish. 


Epidott oUvs green. 


BnJwn. 




— whhad.grMn 


Pink while. 


Yil^ISX while. 


Miot 


IWdish brown. 


Reddidi whiiev 



i 
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The following table shows the color if the ioa&fes in crys> 
tals with two axes which have not beea examined. 



Vwmm of CrTttala. 



Mica. 

Acetate of copper. < 

Muriate of copper.* 

Olivine. 

Sphene. 

Nitrate of copper. 

Chromate of lead. 

Staiuotide. 

Augite. 

Ann)rdrite. 

Axinite. 

Diallage. 

Sulphur. 

Sulphate of ttrontia. 

cobalt 

Olivine. 



Axia of Piiam ia nuM of 
PoterixaUoa. 



Axia of rriMa fwrpaMlicolar 
to Piaoa of rolMiaaliaa. 



Blood red. 
Blue. 

Greenish white. 
Bluish green. 
Yellow. 
Bluish white. 
Orange. 
Kfoviniish red. 
Blood red. 
Bright pink. 
Reddish white. 
Brownish white. 
YeUow. 
Blue. 
Pink. 
Brown. 



Pale greenish yellow. 

Greenish yellow. 

Blue. 

Greenidi yellow. 

Bluish. 

Blue. 

Blood red. 

Yellowish whita. 

Bright green. 

Pale yellow. 

Tellowish whita. 

Vhite. 

Deeper yellow. 

Huish white. 

BHckred. 

Btownish whita. 



In the last nine crystals in the preceding sable, the tints are 
not given in relation to any fixed line. 

The following list contains the colors of tie two pencil^ in 
crystals, whose number of axes is not yet k^wn. 

phosphate of iron. 
Actynolite. 
Precious opaL 
Serpentine, 
^^bcstos. 
Blue carbonate of } 



copper. > 

Octonedrite (one axis.) 
Chloride of gold and > 

sodium. > 

■ and 



ammonium. 



potassium. 



and 



Fine blue.t 

Green. 

YeUow. 

Dark^reen. 

Greenish. 

Violet blue. 

Whitish brown. 

Lemon yellow. 

Lemon yellow. 

Lemon yellow. 




Bluish white. 
Greenish white. 
Lijg^ter yellow. 
Lighter green. 
Ydiowiiui. 

Gieenish blue. 

Yellowish brown. 

Dee| orange* 

Deip orange. 

Detp orange. 




(150.) By the application of heat to certaie crystals, I have 
been able to produce a permanent difference in the color of 
the two pencils formed by double refiractioii. Ihis experiment 
may be made most easily on Brazilian topaz. In one of these 
topazes, in which (me of the pencils was yelloiD and the other 
pinkf I found that a red heat acted more powerfiilly upon the 
extraordinary than upon the ordinary pencil, di$charging the 
yellow color ^itirely from the one, and producinsf only a slight 

• The colors are given in relation to the short diagonal ^r its rhomlK^dal 
base. 
f When the axis of the prism is in the {tone of polariia'4<». 
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chanjgfe npoif tiie pink dit of tbe other. When the topaz was 
hot, It was perfectly c«l«rless, and, during the process of cod* 
ing, it gradually acquired a pink tint, which could not be 
modified or renewed bf the most intense heat In varioua 
topazes, the color of vkose two pencils was exactly the same, 
heat discharges more of the color from one pencil than the 
other, and thus givei them the power of absorbing light in 
reference to the axes of double refraction. 

Oenerdl Olservations on Double Refraction, 

(151.) The variovs facts which have been expladned in the 
pieceding chapters, enable us to form very plausible opiniosis 
respecting the origin and nature of the doubly refracting 
structure. The pirticles of bodies reduced to a state of 
fluidity by heat, anl prevented by the same cause from com- 
bining^ into a solid body, exhibit no double refraction ; and, in 
like manner, the particles of ciystallized bodies, including 
metals when existiig in a state of solution, exhibit no double 
refraction. As sotn, however, as cooling in the one case, and 
evaporation in the other, permits the particles to combine in 
virtue of their mutual af&nities, these particles have, subse- 
quent to the actiott of the forces by which thoy combine, ac- 
quired the doubly refracting structure. This ef!ect may be 
accounted for in t^o ways; either by supposing that the par- 
ticles have originally a doubly refracting structure, or that 
they have no tracft of such a structure. On the first of these 
Bupixxsitions, we must ascribe the disappearance of the double 
refraction in the fluid mass, and, in the solution, to the opposite 
action of the particles, which must have had an axis in eveij 
possible direction; but as no double refraction is visible, it is. 
more philosophioU to suppose that none exists in the particlea 
On the second supposition, then, that the particles have no 
doubly refractingstructure, it is easily understood how it may 
be produced by tie compression of any two particles brought 
together bv attra!^tion ; for each particle will have an axis of 
double remictioi in the direction of the line joining their 
centres, as if thty had been compressed by an external force. 
By following oat this idea, which I have done elsewhere,* I 
have shown hov the various phenomena may be explained bv 
the different attractive forces of three rectangular axes, which 
may produce a single negative axis, a single positive axis, or 

* PUL Tran$»ion$, 1829, or Edinburgh JtmrnMl ^ ScU»c€, new Mriet 
vol. vi, p. 2S»^33l. 
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two axes, either both positive a faqth Deffative, or the oxm 
positive and the other negative. The influence of heat, in 
changing the intensity of the tw axes of sulphate of lime» 
and in removing one of the axes, or in creating a new one, 
admits of an ea^ explanation o|> these principles. 



PAki m- A 

ON THE APPLICATION OP omCAL PRINCIPLES TO THl 
EXPLANATION OF N^fURAL PHENOBIENA. 



CHAP. XXXI. 
ON UNUSUAL REFRACTION. 

(152.) Thr atmosphere in ^hieh we live is a transparent 
mass of air possessing the prcperty of refracting light We 
learn from the barometer thatits density gradually dimini^es 
as we rise in the atmosphere and, as we know from direct 
experiment that the refractive power of air increases with its 
density, it follows, that the refractive power of the atmnsj)here 
is greatest at the earth's sirface, and gradually diminishes 
tin the air becomes so ral^ as scarcely to be able to pro- 
duce any effect upon light When a ray of light falls ob- 
liquely upon a medium UiUs varying in density, in place of 
being bent at once out of ite direction, it will be gradually 
more and more bent during its passage through it, so as to 
move in a curve line, in the same manner as if the medium 
bad consisted of an infinite number of strata of different re- 
fractive powers. In order to explain this, let £, Jig. 129., be 
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the earth, surronnded with in atmosphere A B C D, consisting 
of four concentric strata d different densities and different 
refractive powers. The ildex; of refraction for air at the 
earth*s surface being 1*000,11^ let us suppose that the index 
of the other three strata i^ 1-000,200, 1000,120, l-000,05a 
Let B E D be the horizon, afd let a ray S ti, proceeding from 
the sun under the horizon, fall on the outer stratum at n, 
whose index of refraction i 1*000,050. Drawing the per- 
pendicular ^nm^ find by thi rule formerly given the angle 
of if^raotion, "^na^ correspoiding to the angle of incidence 
S nm. When the ray n a fuls on the second stratum at a, 
whose index of reflection t^ 1*000,120, we may in like 
manner, by drawing a perpeidicular £ «i|i, find the refracted 
ray- a b. In the same way, Ub refracted rays 6 c and c d may 
be found. The same ray S % will therefore have been re- 
fracted in a polygonal line nabcd, and as it reaches the eye 
in the direction cd, the sun wil be seen in the direction dcS', 
elevated above the horizon, by he refraction of the atmosphere, 
w]^en it is still below it In Ike manner it might be shown 
that the sun appears above thehorizon by refraction, when he 
]s actually below it at sunset ' 

Although the rays of light nilpve in straight lines in vacuo 
and in all media of uniform dettity, yet, on the surface of the 
globe, the rays proceeding fron^ distant object, must neces- 
sarily move in a curve line, because they must pass through 
portions of air of different densities and refractive powersL 
Hence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet )eyond our atmosphere, or is 
actually within it, is seen in its real place. 

Excepting in astrononiical and trigonometrical observationa, 
where the greatest accuracy is nniessary, this refraction of the 
atmosphere does not occasion sjif inconvenience. But since 
the density of the air and its retractive power vary greatly 
when heated or cooled, great locnl heats or local colds will 
produce great changes of refractive power, and give rise to 
optical phenomena of a very interesting kind. Such phenom- 
ena have received the name of u%usttal refraction, and they 
are sometimes of such an extraorcinary nature as to resemble 
*" n^^Q \ ;?|Jects of magic than the results of natural causes. 

1,10*5.) The elevation of coasts, Doountains, and ships, when 
t«!!i°^®u ^'^® surface of the sea, his long been observed and 
rilJ^fi ^^ ^^ ^^"l® ^^ looming. Mr. Huddart described 
rZZf.T^^ "^^^J^- ^'"^^^ ^"^ particularly the very interesting 
Dr vln^ T^''^^*'^€'^ ^^^ **iP ^^^ beneath ie real shi> 
wl;yrp„ -^""^u** h^^^ a ahip, whose topmasts onfy 
were seen above the horizon ;,but he at the same time ot 
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farnd, in the SeM of the telsecope through vbicli be wu 

Iseking, two iuMges cf the complete ehip in the air, both di- 

nctly above tbe abip, the uppGrmOBt of the two being erect, 

m)td the other inverteij. He then directed bia telescope to 

•nother ship wheee hull was just in the horizon, lad he ob- 

fleiv«d a complete inverted image of It; the maiomaat of 

Fit- IM- which just touched the maianHist of the 

chip it«elC 'The first of these two phe- 

nocneoa ie showo in ^. 130. ia which A 
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ima^ above them, accompanied witii two images of the strata 
cf ice. In 1822, Ca}>tain Scoresby recognized his fiitber's 
ship, the Fkme, by its inverted image in the air, although the 
ship itself tDos below the horizon. He afterwards fouSd that 
tlie ship was seventeen miles beyond the horizon, and its di»> 
tance thirty miles. In all these cases, the image was directlr 
above the object ; but on the 17th of Septem&r, 1818, MM. 
J urine and Soret observed a case of unusual refraction, where 
the ima^ was on one side of the object A bark about 4000 
toises distant was seen approaching Geneva by the left bank ^ 
of the lake, and at the same moment there was seen above « 
the water an image of the sails, which, in place of following* 
the direction of the bark, receded from it, and seemed to ap» 
proach Geneva by the right bank of the lake ; the image sail- 
^« log firom east to west, while the bark was sailing from^north 

to south. The image was of the same size as the object when 
it first receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the bark when the 
fbenomenon ceased. 

While the French army was marching through the ssndy 
deserts of Lower Egypt, they saw various j^enomena of un* 
usual refraction, to wnich thev gave the name of ndrag-e. 
When the surface of the sand was heated by the sun, the 
land seemed to be terminated at a certain distance by a general 
inundation. The villages situated upon eminences appeared 
to be so many islands in the middle of a great lake, and under 
each villa^ there was an inverted image of it As the army 
approached the boundary of the apparent inundation, the 
imaginary lake witlidrew, and the same illiision appeared 
round the next village. M. Monge, who has described these 
appearances in the memoires sur rE^ypte, ascribes tliein to 
reflexion from a reflecting surface, which he supposes to take 
place between two strata of air of diflTerent densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
four turrets of Dover Castle over a hill between Ramsgate 
and Dover. Dr. Vince, however, on the 6th of August, 1306^ 
at seven p. m., saw the whole of Dover Castle, as if it had 
been brought over and placed ob the Ramsgate side of the hilL 
The image of it was so strong that the hill itself was not seea 
through the ima^. 

The celebrated ybf a morgana, which is seen in the straitt 

of Messina, and which for many centuries astonished the vol* 

gaj and perplexed philosophers, is obviously a phenomenon of 

this kind. A spectator on an eminence in the city of Reggio, 

* with his back to the oun and his face to the sea, and when tha 
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ruing son shinee from that point whence its incident nj 
ibnns an angle of ahout 45° on the sea of Reggio, sees upon 
the water numberless series 6^ pila^^rs, arches, castles well 
delineated, regular columns, lofty towers, superb palaces with 
balconies and windows, villages and trees, plains with herds 
and flocks, armies of men on foot and on horseback, all passing 
rapidly in succession on the sur&ce of the sea. These same 
objects are, in particular statesr of the atmosphere, seen in the 
air, though less vividly ; and when the air is hazy, they are 
seen on Sie surface of the sea, vividly colored, or fringed with 
all the prismatic co]or& 

(154) That the phenomena above described are generally 
produced by refraction through strata of air of different den- 
sities may be proved by various experiments. In order te 
illustrate this. Dr. Wollaston poured mto a aquare phial (j^. 
1^) a small quantity of clear syrup, and above this he poured 

an equal quantity of toater, which grad- 
ually combined with the 83rrup, as seen at 
A. The word Syrup upon a card held 
behind the bottle appeared erect when 
seen through the pure syrup, but inverted, 
as represented in the figure, when seen 
through the mixture of water and syrup. 
Dr. Wollaston then put nearly the sann 
quantity of rectified spirit of wine above 
the water, as in the same figure at B, and 
he saw the appearance there represented, 
the true place of the word Spirit, and 
the inverted and erect images below. 
Analogous phenomena may be seen by 
looking at objects over the surface of a hot poker, or along 
the surface of a wall or painted board heated by the sun. 

The late Mr. H. Blackadder has described some phenomena 
both of vertical and lateral mirage as seen at King G^rg^'a 
Bastion, Leith, which are very mstructive. -The extensive 
bulwark, of which this bastion forms tiie central part, is formed 
of huge blocks of cut sandstone, and from this to the eastern 
encl the phenomena are best seen. To the east of the tower 
the bulwark is extended in a straight line to the distance of 
600 feet It is eight feet high towards the land, with a foot* 
way about two feet broad, and three feet from the ground: 
The parapet is three feet wide at top, and is slighUy inclined 
towards the sea. 

When the weather is favorable, the top of the parapet re- 
sembles a mirror, or rather a sheet of ice ; and if in this state 
another person stands or walks upon it».an observer at a little 
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4lttaliC9 wtt fce «n rav«rted image of the peraon madeF hm 
I( while sUndin^ on the footway another perBcn stands on it 
•ho, bat at some distance, with his face turned towards the 
Ma, his image wiil appear opposite to him, giving the appear^ 
mnoe of two persons talking or saluting each other. If^ again, 
when standing on the footway, and looKing in a direction from 
the tower, another person crosses the eastern extremity of the 
bulwark, passing through the water-gate, either to or from 
the sea, there is produced the appearance of two persons 
noving in opposite directions, constituting what has been 
termed a lateral mirage : first one is seen moving past, and 
^MQ the other in an opposite direction, with some mterval be- 
tween them. In looking over the parapet, distant objects are 
•een variously modified ; the mountains (in File) being ccm* 
verted into immense bridges ; and on going to the eastward 
extremity of the bulwark, and directing the eye towards the 
%i»wer, the latter appears curiously modified, part of it being 
as it were cut off and brought down, so as to form another 
mall and de^mt tower in the &rm of certain sepulchral 
Bsonoments. At other times it bears an exact resemblance to 
$Xk ancient altar, the fire of which seems to burn with great 
intensity.* 

(155.) In Older to explain as cleariy as po6»ble how the 
<ceot and invited image of a ship is produced as vafig. 13L, 
kt S P (Jg. Ida) be a ship in the horizon, seen at B by 




means of raya S E, P E passing in straight lines thrpugh a 
tXftck of air of uniform density lying between the ship and the 
eye. If the air is more rare at c than at a, which it may be 
fi^qm. the ooldinesa of the sea below a, its r^&active power will 

^' I ' ! ■ ' ■ ' ' " ■ ■' . I ■ I . . I. ■ !■ 
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be len at c thaa at a. In this case, rays S d^ P e» wbich» 
under ordinary circumstances, never could have reached tho 
eye at E, will be bent into curve lines P c^Sd; and if the 
variatioir of density is such that the uppermost of these rayf 
S d crosses the other at any point x, then S d will be under* 
most, and will enter the eye £ as if it came from the lower 
end of the object. If £ p, E s, are tangents to these curvet 
or rays, at the point where (hey enter the eye, the part S of 
the ship will be seen in the direction E s, and the part P m 
the direction E p ; that is, the image s p will be inverted. In 
like manner, other rajrs, S yv P m, may be bent into curves 
S m E, P m E, which do not cross one another, so that the 
tangent E f' to the curve or ray S n will still be uppermost, 
and the tangent Ep' undermost Hence the observer at £ 
will see an erect image of the ship at «' p' above the inverted 
inmge « j9, as in Jig. 13L It is (^inte clear that the state ct 
the air may be such as to exhibit only one of these imager 
and tiiat these appearances may be all seen when the real ship 
is beneath the horizon. 

In one of captain Scoresby^s observations we have seen 
that the ship was drawn out, or magnified, in a vertical direc- 
tion, while another ship was contracted or diminished in the 
•ame direction. If a cause should exist, which is quite po»* 
sible, which elon^ted the ship horizontally at the same time 
that it elongated it vertically, the efiect would be similar to 
that of a convex lens, and the ship would appear msjgpiifiedt 
and might be recognized at a distance fiur beyond the limits of 
unassisted vision. This very Case seems to have occurred. 
On the 26th July, 1798, at Hastings, at Gve p. m. Mr. Latham 
•aw the French coast, which is about 40 or 50 miles distant, 
as distinctly as through the best glasses. The sailors and fish* 
ermen could not at first be persuaded of the reality of the ap- 
pearance ; but as the clifi^ gradually appeared more elevated, 
they were so convinced that they pointai out and named to Mr. 
LAtham the different places which they had been accustomed 
to visit : such as the bay, the windmill at Boulogne, St Vallery,, 
and other places ^on the coast of Picardy. AH these places 
appeared to them as if they were sailing at a small distance 
into the harbor. From the eastern cliff or hill, Mr. Latham 
saw at once Dungeness, Dover cliflis and the French coast, all- 
the way from Cakis, Boulogne, on to St Vallery, and, as some 
of the fishermen affirmed, as far as Dieppe, The day was ex« 
tremely hot, without a breath of wind, and objects at some 
distance appeared greatly magnified. 

This class of phenomena may be well illustrated, as I have 

T3 



•Iwwhefe^ mggesftMl, by hMixkg a mais of lieated iifon abovg 
a considerable Uiickness of waterv^f^ced in a glass trough, 
with plates of parallel glass. By withdrawing the heated 
iron, the gradation of d^isity increasing downwards, vnll be 
accompanied by a decrease of density nom the sor&ce, and 
thfougn such a medium the phenomena of the mirage may be 
•ten. 

(156.) That seme of the phenomena ascribed to unusual 
vefhiction are owing to unusual reflexion, arising from dif^ 
ence of density, cannot, we think, admit of a doubt If an 
ebsenrer beyond the earth's atmosphere at S, fig. 129., were 
to look at one composed oi strata of different refractive powers 
as shown in the figure, it is obvious that the light of the sun 
would be reflected at its passage through the boundary of each 
stratum, and tjne same would happen if the variation of re> 
ftactive power were perfectly gradual. Well describ^l cases 
gf this kind are wanting to enable us to state the laws of the 
phenomena; but the K>llowing fact, as described by Br^ 
Buchan, is so distinct, as to leave no doubts respectix^ its ori- 
gin. ^ Walking on the cliff,'' says he, ** about a mile to the 
east of Brighton, on the morning of the 18di of November, 
1804, while watching the rising St* the sun, I turned my eyes 
directly towards the sea just as the solar disc emerged firoa 
the sur&ee of the water, and saw the &ce of the cliff oo 
which I was standing represented precisely opposite tome bX 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we soon also discovered oup 
mon figures standing on the summit of the oppoote apparent 
di^ as well as the representation ^ a windmill near at hand. 
The reflected images were most distinct precisely opposite to 
where we stood, and the false cliff seemed to fade away, and 
to draw near to the real (me, in proportion as it receded 
towards the west This phenomenon lasted about ten minutes, 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawing up of a drop scene in 
a theatre. The sur&ce of the sea was covered with a dense 
ibg of many yards in height, and which gradually receded 
bmre the rays of the sun. The son's light fell upon the diff 
wX an incideneo of about 73^ from the perpendiccdkr.?* 
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(157.) Tbb ninliow ia, as every person knows, ■ Inminoaa 
ftich extending Bcran the region cJ' the eky (n>pc»ite to the 
Min. Under veiT &vorabIe circumstances, tno bows aire seen, 
the inner and the outer, or the prinutry and the »eeondary, 
and within the primary rainbow, and in contact with it, and 
without the secondary one, diere have been seen supctnu- 
nersrj bows. 

The primary or inner rainbow, which is commonly seen 
alone, is part m a circle whose radius is 42°. It consists of 
■even di^erently colored bows, viz. vioUt, which is the inner- 
xaoet, indigo, blue, green, ydiotB,_ orange, and red, which is 
tjbe outermost Theee colors hav^ 
breadth as the spaces in the prism^ic : 
therefore, only an infinite number of 
ranged in the circumference of acirch 
by a circubr arrangement of prisms, oi 
central part of a large lens, to produce 
the same colors. All that we requii 
rainbow, is a great number of transpo 
forming' a great number of prismatic s 
the sun. 

As the rainbow is never seen, unless when rain, is actually 
biting between the spectator end the sky opposite to the sun, 
we are led to believe that the transparent bodies required ara 
iropt of rain which we know to be small spheres. If we look 
into a g^<Ate of glass or water held above the head, and oppo- 
site to the sun, we shall actually see a prismatic ^)ectrum re- 
flected from the larther side of the globe. In this spectrum 
the violH rays will be innermost, and the spectrom vertical. 
If we -hold the g-lobe horizontal on a level with the eye, so as 
In see the sun'slight reflected in a horizontal plane, we shall 
see a horizontal spectrum with the violet rays innermost. Id 
like manner, if we hold a globe in a position intermediate be- 
tween these two, so as to see the sun's light reflected in a 
plane inclined 45° to the horizon, we shall perceive a spec- 
frum inclined 45° to the horizon with the vioUt innermost. 
Now, since in a shower i^ rain there are drops in all positions 
r^bve to the eye, the eye will receive spectra inclined at all 
angles to the bcmzon, so that when combined they will (brm 
the large circular spectrum which constitutes the rainbow. 

• tn ibt ColMfB «dlUaa, iM AppnAli oT Am. (d. <kv. vil- 
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To exidun thia more cleu-Ij, let £, V.fig. 134., be dnpa of 

nin expand to the bud's nya, inckknt open them in (be 



directionB R E, R F ; out of tbe whole beftm of light which 
filta upon the drop, those rays which pass tbniieh or Dear tb« 
axis of the drop will be retracted to a focus oehind it, but 
those wbicb 6iU oa the upper side of the drop will be retracted, 
the Ttd rays least, and the vinUt most, and will All upon tbs 
back of the drop with an obliquity such that many of them 
will be reflected, as shown in the figure. These rays will be 
a^n refracted, and will meet the eye at O, which will per- 
ceive a spectrum or priBauLtic ima^ of the sun, with the red 
qMCC uppermost, ana the uidef undermoet. If tho son, the 
eye, and the drops E, F, are all in the mme vertical plane, the 
spectrum produced by E, F will form the colors at the very 
summit of the bow as in the Jimire. Let us now suppoee a 
drop to be near the boriz«i, so that the eye, the drop, and the 
■un, are in a plane inclined to the horizon ; a ray of the sun's 
light will be refiected in the same manner es at E, F, with 
this difference only, that the plane of reflexion will be in- 
clined to the horizon, and will form part of the bow distant 
from the Eummit. Hence, it is manifest, that the drops i^raia 
above the line joining the eye and the upper part of the rain- 
bow, and in the plane passmg through the eye and the'sun, 
will form the uj^r part of the bow ; and the drops to the 
right and left hand of the observer, and without the lino join- 
ing the eye and the loweet part of the bow, will form the 
lowest part irf the bow on each hand. Not a single droft 
theielbre, between the eye and the space within the bow is 
concerned in its production; so that, if a shower were to &11 
regularly from a cloud, the rainbow would appear before a 
•ingle drop of rain had reached the ground. 

K wo compute the ioclination of the red nj and the cialet 
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ray to the incident rays R E, R F, we shall find it to be 42° 2* 
for the red, and 40° 17' for the violet, so that the breadth df 
tlie rainbow will be the difference of those numbers, or 1° 45', 
or nearly three times and a half the sun^s diameter. These 
results coincide so accurately with observation, as to leave no 
doubt that the primary rainbow is produced by two refractions 
and one intermediate reflexion of the rays that &I1 on the 
upper ades of the drops of rain. 

It is obvious tha.t the red and violet rays will suffer a second 
reflexion at the points where they are represented as quitting 
the drop, but these reflected rays will go up into the skjr, and 
cannot possibly reach tbe eye at O. But though this is the 
^ise with rays that enter the upper side of the drop as at E F, 
or the side farthest from the eye, yet those which enter it on 
|he under side, or tbe side nearest the eye, may after two re- 
flexions reach the eye, as shown in the drops n, G, where tho 
rays R, R enter the drops below. The red and violet raya 
will be refVacted in diflerent directions, and afl,er being twico 
reflected will be finally refracted to the eye at O ; the videt 
Ibrming the upper part; the red the under part of the spectruok 
IS we now compute the inclination of these rays to the inci- 
dent rays R, R, we shall find them to be 50° 57' for the rtd^ 
ray, and 54° 7' for the violet ray ; the difference of which or 
8^ 10' will be the breadth of the bow, and the distance be- 
tween the bows will be 8° 55'.* Hence it is clear that % 
secondary bow will be formed exterior to the primary boWij 
aad with its colors reversed, in consequence of their beinfi^ 
produced by two reflexions and two refractions. The breadth 
ci the secondary bow is nearly twice as great as that of the 
primary one, and its co]prs must be much fainter, because it 
consists of light that ha^ suffered two reflexions in place of one. 

(158.) Sir Isaac Newtoiji found ^e semi-diameter of tbe in- 
terior bow to be 42°, its breadth 2° 10', and its distance from 
the outer bow 8° 30'; numbers which agree so well with the 
calculated results as to leave no doubt of the truth of the ex- 
planation which has been given. But if any fiirther evidence 
were wanted, it may be found in the fact, which I observed in 
1812, that the light qfjfoth tbe rainbows is whoUy polarized 
in planes passing through the eye and the radii of the arch. 
This result demonstrates that the bows are fi»rmed by reflexion 
at or near the polarizing angle, from the sur&ce ii a timns- 
parent body. The production eS artificial rainbows by the 
spray of a waterfall, or by a shower of drops scattered by a 
mop, or forced out of a syringe, is another proof c^ the pre* 



1 ' I I 



No correction for the sun*! aiqmrent diameter, itt here mad*. 



220 - ▲ TBBATI8X ON 09nC8. PAST HI. 

* • 

ceding explanation. Lunar minbows are sometBnes seen, but 
the colors are faint, and scarcely perceptible. In 1814, i saW| 
at Berne, di fog-bqw, which resembled a nebulous arch, in 
which the colors were invisible. 

(159.) On the 5th of July, 1828, 1 observed three supernu- 
merary bows within the primary bow, each consisting of 
green and red arches, and m contact with the vioUl arcn of 
the primary bow. On the outside of the outer or secondary 
bow I saw distinctly a red arch, and beyond it a very faint 

Seen one, constituting a supernumerary bow, analogous to 
ose within the primary rainbow. 

Dr. Halley has shown that the rainbow formed by three re- 
flexions within the drops will encircle the sun U^elf, at the 
distance of 40° 20', and that &e rainbow formed by four re- 
flexions will likewise encircle him at the distance of 45° 33'. 
The rainbows formed by five reflexions will be partly covered 
by the secondanr bow. The light which forms these three 
bows is obviously too faint to make any impression on our 
organs, and these rainbows have therefore never been observed. 

Alany ^eeuliar rainbows have been seen and described. On 
the 10th August, 1665, a faint rainbow was seen at ChartreSi 
crossing the primary rainbow at its vertex. It was formed by 
reflexion from the river. 

On the 6th August, 1698, Dr. Halley, when walking on tlw 
walls of Chester, observed a remarlmble rainbow, shown in 
fig, 135.f where A B C is the primary bow, D H £ the second- 
ary one, and A F H G.Q the new bow intersecting the secood- 




-D A, C £ 



ary bow D H E^ and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch F 6 
gradually to contract, till at length the two arches F H G and 
F G coincided, so that the secondary iris for a great space lost 
iti colors, and appeared like a white arch at the top. The new 
bow, A H C, had its colors in the same order as the primary 
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one ABC, and consequently the Teverse of the Mcoodary 
bow ; and on this account the two opposite spectra at G and F 
counteracted each other, and^moduced whiteness. The sun 
at this time shone on the river Dee, which was unruffled, and 
Dr. Halley found that the bow A H C was 'Only that part of 
the circle of the primary bow that would have been under the 
castle bent upwards by reflexion from the river. A third 
rainbow seen between the two common ones, and not con- 
centric with them, is described in Rozier's Jouma], and is 
doubtless the same phenomenon as that observed by Dr. Hall^» 
Red rainbows, distorted rainbows, and inverted rainbows oa 
the grass, have been seen. The latter are formed by the dxoipa 
cf ndn suspended oa the spiders' webs in the fields. 



CHAP, xxxra. 

ON HAL08, OQRON^ PARHELIA, ANII PARASKLDTJB. 

n.60.) When the sun and moon are seen in a clear sky« 
they exhibit their luminous discs without any change of color, 
and without any attendant phenomena. In oth^r conditions 
of the atmoirohere, the two luminaries not only experience a 
change of color, but are surrounded with a variety of luminous 
circles of various sizes and forms. When the an* is charged 
with dry exhalations, the -sun is sometimes as red as blood. 
When seen through watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, i have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
moon, they are often encircled with one, two, three, or,^veQ 
more, colored rings, dike those of thin plates ; and in cold* 
weather, when particles of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles^ 
circles passing through their discs, segments of circles, and 
mock suns or moons, formed at the points where these circles 
intersect each other. 

The name halo is given indiscriminately to these phenom- 
ena, whether they are seen round the sun or the moon. They 
are called parhelia when seen round the «in, and paraeelenm 
when seen round the moon. 

The small halos seen round the sun and moon in fine wea- 
ther, when they are partially covered with light fleecy cloud& 
have been also called corofxue, Tfac^ are very common rouna 
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Hm iBB, tkMi^ fiom die overpoweniur brigfatnesB of bis rays^ 
they vt bM. wm whea he is obeerved hj reflexion from the 
80T&ee of still water. In Jubo^ 1693i Sir Isaac Newton ob- 
serve^ by reflexion in a vessel of standinjf water, three rings 
of color rmnd the sun, like three little rainbowa The colois 
of the fint or innermost were blue next the sun, red without, 
and tohite in the middle between the blue and red. The colors 
of the sectad ring were wrpU and blue within, and pale red 
withoot, and green in tne middle. The cobrs of the third 
rififf were pale bine withm and pale red without The ccdors 
aad diMneters of the rings are more particularly given as fbl" 
I9ws:-i— 

1st Ring . Bhie, ^diite, red • IKaraeter, 5^ to 6^. 

3d Ring • Pale bine, pale red • Diameter, 12^. 

On the 19th Februaiy, 1064, Sir Isaftc Newton saw a halo 
round the moon, of two rings, as follows : — 

1st Ring - White, bluish green, yellow, red - Diameter, ^ 
9d Ring • Bhie, green, red Diameter, 5|<' 

^ Sir Isaac considers these rinffs as formed by the light paS9* 
mg through ver^ small drops of water, in the same manner as 
the colors of thick plates. On the supposition that the glob- 
ules of water are the 500th of an inch m diameter, he nnds 
that the diameters of the rings should be as follows : — 

1st Red ring Diameter, 1\^ 

Sd Red ring Diameter, 1(H^ 

dd Red ring ^ Diameter, 12^ 33' 

The rinj^ will increase in size as the globules become lesa^ 
and diminish if the globules become larger. 

The haloB round the sun and moon, which have excited 
Inost notice, are those which are about 47,^ and 94^ in diame- 
ter. In order to form a correct idea of them, we shall gh^ 
tccnrate descrrptbns of two ; one b, parhelion, and the others 
parttselene. 

The following is the origihal account of a parhdion^ seen 
by Scheiner in 1630 : — 

(161.) ^The diameter of the circle M Q N n^xt to the sun, 
Was about 45^ and that of the circle O R P was about 95© ao*; 
iJiey were colored like the primary rainbow; but tiie red was 
next the sun, and the other colors in the' usual order. The 
l^eadtbs of all ilie arched were equal to one another, and 
Abut It thfrd part less than the diameter of &e sun, ae repre- 
itoted in j^. 136.^ though I cannot say but the whiti^ dircli 
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O G P, panllel to the boriiMi, wm. mhw brouter tbui the 
reat The two parhelia M, N were Mnlj eaoogh, bat the 
fir. 13L 




other two at O and F were not bo brisk. M aod N bad a pnr- 

Ele redness next the' sun, and were white in the opposite portB, 
I and P were all over white. They all differed in their du- 
rations ; for P, which shone hut Beldom and but fiuntly, van- 
ished first of all, bein^ covered by a collection of pretty thick 
cloud& The parhelion O contbued constant for a ^reat while, 
though it was but faint. The two lateral parhelia M_, N were 
aeen constantly for three hours together, M was in a lan- 
guishing state, and died first, ailer sevenil struggles, but N 
continued an hour after it at least. Though I did not see the 
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their ligtit ud color were almoat always flactmting, and cod- 
tinued, u it were, in a penietual coonicL 1 took particahr 
notice tliat thej appeared umoat the first and last of the par- 
belia, excepting that of N. 

" The orchea which compoaed the small halo M N npxt to 
the sun, seemed to the eye to compose a single circumferpnce, 
but it woB confused, and had unequal breadths; nor did it ceo- 
abuitlj continue like itaelt^ hut was peipetuallj fluctuating 
But in reality it consisted of the arches expressed in Iha 
figure, as I accurately obeerved for this very purpoK.* Theee 
arches cut each other in a point at Q, and there the; formed a 
' parhelion ; the parhelia M, N shiniog from the comoHin int^' 
aeclLons of the mner halo, and the whitish circle O N U P." 

(162.) Hevelius observed at Dantzic on the 30th of March, 

1660, at one A. M., the poreselene shown ia JEg-. 137. Tba 

moon A w«a seen turrounded by an entire whitish circle 

«/. 137. 




B C D E, in which there were two mo 
one at each side of the moon, consistin, 
shootinc' out very Ion? and whitish be 
two o'clock a larger circle surrounded 
to the horizon. The tops of both thea 
by colored arches, like inverted rainboi 
at C was a portion of a large circle, ai 
portion of a lesser. This phenomenon la 
The outward great circle vanished first 
verted uch at C, and then the lesser; i 

*■ Tb« e>ar iinenHtiDi cinsl« irtiicll brn tUi 
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circle B C D £ disappeared The diameter of thie inner eirde« 
and also of the superior arch, was 45®, and that of the exterior 
circle and inferior arch was 90®. 

On another occasion Hevelius observed a large white rec- 
tangular cross passing through the disc of the moon, the moon 
being in the intersec^n of the cross, and encircled with a 
^ halo exactly like the inner one in the preceding figure. 

(163.) The frequent occurrence of the halos of 47® and 94* 
in cold weather, and especially in the northern regions c^ the 
globe, led to the belief that they must be formed by crystals 
of ice and snow floating in the air. Descartes supposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huygens, who investigated the subject both experi- 
mentally and 3ieoretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles of 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
position, by ascending currents of air or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considert 
these cylinders to have been at first a globular collection of 
• the aoflest and purest particles of snow, to the bottom of which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the oute* 
part of the cylinders may be melted by the heat of the sun, a 
small cylinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the sun in a regular 
manner. By means of this apparatus, the existence of which 
Is not impossible, Huygens has given a beautiful solution of 
alm(^ all the difficulties which mve been encountered in ex- 
plaining the origin of halos. 

Sir Isaac Newton regarded the halo of 45® as produced by 
a different cause firom &e small prismatic coronie ; and he was 
of opinion that it arose from refraction ** from some sort of 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 58® or 60®." 

When we consider, however, the great variety of crystal- 
line forms which water assumes in freezing ; that these crys- 
tals really exist in a transparent state in the atmosphere, in 
the form of crystals of ice, which actually prick the skin like 
needles ; and that simple and compound crystals oi snow, of 
.every conceivable variety of shape, are often falling throuffh 
the atmosphere, <md sometimes melting in passing through its 
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lower and wmnner etrata, we do n<ot require any hypothetical 
cyliadera to account for the principal phenomena of hidos. 

Mariotte, Young, Cavendish, and others, have agreed in 
ascribing the halo of 45^ or 46° in diameter, to refractioa 
through prisms of ice, with refracting angles of 60° floating' 
in the air, and having their refracting angles in all directions. 
The crystals of hoar-frost have actually such angles, and if inre 
compute the deviation of the refracted rays of the sun or moon 
incident upon such a prism» with the index of refraction for 
ice, taken at 1-31, we shall find it to be 21° 50', the double 
of which is 43° 40'. In order to explain the larger halo, Dr. 
Young supposes that the rays which have been once refracted 
by the prism may fall on other prisms, and the effect then be 
doubled by a second refraction, so as to produce a deviation 
of 90°. This, however, is by no means probaUe, and Dx^ 
Young has candidly acknowledged the ** gi^t apparent prob- 
abiiity** of Mr. Cavendishes suggestion, that the external hale 
may be produced by the refractioa of the rectangular termi- 
natbns of the crystals. With an index of refractkm of 1*31, 
ibis would give a deviation of 45° 44V, or a diameter of 91^ 
28', and the mean of several accurate measures is 91° 40', a 
Tery remarkable coincidence. 

'The existence of prisms with such rectangular terminations 
is still hypothetical ; but I have removed the difficulty on this 
point, by observing in the hoar-frost upon stones, leaves, and 
wood, r^ular quMrangular crystals of ice, both simple and 
compound. 

Although halos are ^nerally represented as chrdes, with 
t)ie sun or moon in their centres, yet their apparent fyna is 
commonly an irre^lar oval, wider below than above, the sun 
being nearer theur upper than theur lower extremity. Dr. 
SpiiUi has shown that this is an optical deception, arising finom 
the apparent figure of the sky, and he estimates that when 
the circle touches the horizon, its apparent vertical diameter 
is divided by the moon, in the proportion of about 2 to 3 or 4 ; 
and is to tho horizontal diameter drawn through the moon as 4 
to 3, nearly. 

With the view of ascertaining if any c^the halos are form* 
ed by reflexion, I have examined them with doubly refracting 
prisms, and have found that the light which forms them has 
not suffered reflexion. 

The production of halos may be illustrated experimentally 
by crystallizing various salts upon plates of glass, and looking 
through the plates at the sun or a candle. VVhen the crystals 
are granular and properly formed, they will produce the 6nes^ 
^Secta, A few drops of a saturated solution of alum, for ex* 
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ample, spread over a plate of glass so as to crystallize quickly, 
will cover it with an imperfect crust, consisting of flat octo- 
hedral crystals, scarcely visible to the eye. When the ob- 
server, with his eye placed close behind the smooth side of the 
glass plate, lodks through it at a luminous body, he will per- 
ceive three fine halos at different distances, encircling the 
source of light The interior halo, which is the whitest of 
the three, is formed by the refraction of the rays through a 
pair of &ces in the crystals that are least inclined to each 
other. The second halo, which is blue without and red within, 
with all the prismatic colors, is formed by a pair of more in- 
clined faces; and the third halo, which is large and brilliantly 
colored, firom th^ increased refraction and dispersion, is formed 
by the most incimed faces. As each crystal of alum has three 
pairs of each of these included prisms, and as these refractinj^ 
faces will have every possible direction to the horizon, it it 
easy to understand how the halos are completed and equally 
Inrainous throughout When the crystals have the property 
of double refraction, and when their axis is perpendicular to 
the plates, more beautiful combinations will be produced. 

(164.) Among the luminous phenomena of the atmosphere, 
we may here notice that of converging and diverging solar 
beams. The phenomenon of diverging beams, represented in 
fig, 138., is of frequent occurrence in summer, and when the 
son is near the horizon ; and arises from a portion of the sun's 

^^,,^ «. Mtoii vTf »i%>l^t colors. A red wafer, fo 

example, appears red in the white li^t of day, because it rf 
fleets red light mwe copiously than any of the other color 
If we place a red wafer in yellow light, it can no longer api 
pear red, because there is not a particle of red light in th< 
yellow light which it could reflect It reflects, however, i 
portion of yellow light, because there is some yellow in thj 
red which it does reflect If the red wafer had reflected no 
thing but pure homogeneous red light and not reflected whit 
light from its outer surface, which all colored bodies do, ; 
would in that case have appeared absolutely black whei 
placed in yellow light The colors, therefore, of bodies aris( 
from their property of reflecting or transmitting to the ey< 
certain rays of white light, while they stifle or stop the r* 
maining rays. To this point the Newtonian thecMry is suppoi 
ed by mMible experiments ; but the principal part of ttf 
- -^« which has for its o bject to det'^n OlJUfi tK Tif^^^^ ir 
rays passing through openings in the clouds, while the adjaS^t 
portions are obstructed by 3ie clouds. The phenomenon c^ 
converging beams, which is of much rarer occurrence, is 



■htnm in to. 139^ whwe the rays wmveree tea jwnt A^ 

SrtelowWe horia« M N «a the wn i. .Bom it. Th» ph«- 

BoaMDon a always seen oj^oaite to the sun, and generaUj « 

rtt.ve. 



d>e »ino time *i''» ^^ phenomenon of diverpng beaiDa. uif 
another aun, diameuically opposite to the real one, were b«lo« 
the horizon at A, and throwing out his diverg^t braniB. In ■ 
phenomenoa of thia kind which I saw m 1824, the eastern 
Eortion of the horizon where it appeared was occupied with* 
Hack cloud, which seems to be neceasarj as a ground, for 
pfflpuu— . ■ r,„m„ nuUntinnn. A few minutes alter 

Although baloe are ^nerally represented as circlea, witt 
« sun or moon in their centres, ;et their appargnt fbrm ii 
mmonly an irreKulir oval, wider below than above, the Eun 
ling nearer their upper than their lower extremity. Dr. 
niiJi has shown that this is an optical deceptitm, arising from 
B apparent figure of the sky, and he eatiraates that when 
e circle touches the hortson, its apparent vertical diameter 
divided by the moon, in the proportion cf about 2 to 3 m 4; 
M is to tho horizontal diameter drawn (hrou^ the moon aa 4 
'3, nearly. 

With the view of ascertaining if an; of the haloe are tbnn- 
i by reflexion, 1 have examined them with doubly refracting 
UBDIB, and have found that the light which forms them hi^ 
iMuSered reflexion. 

phe production of haloa may be illustrated experimentally 
'crystallizing various salts npon philes of giaa, and Iook^.<i> 
^V^fa^ iTiU o^lU'^aa? "fi-weVu'ppo«^ a* axis of » globa 
or of an aruiillary sphere to be directed to the centres af a» 
diverging aiid converging beams, and a plaoa to paa* thtDup> . 
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the globe parallel to the horizon, it would cut gR the meri* 
dians so as to exhibit the precise appearances in Jig, 138. and 
^g. 139. ; with this difference onl^, that there would be fifteen 
beams in the diverging system m the place of the number 
ihown in fig, 139. 



CHAP. XXXIV. V- 

ON THE CX)LOBS OF NATURAL BODIES. ^ 

(165.) There is no branch of the application of optietl 
tci^ace which possesses a greater interest than that which 
proposes to determine the cause of the colors of natural bodiet. 
Sir Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject; but though his specuUt* 
tions are marked with the peculiar ^nius of their author, yet 
they will not stand a rigorous ezammation under the lights of 
modern science. 

That the colors of material nature are not the result of any 
quality inherent in the colored body has been incontrovertible 
proved by Sur Isaac. He found that all bodies, of whatever 
color, exhibit that color only wheu they are placed in white 
light. In homogeneous red light they appeared red, in violet 
light violet, and so on ; their colors bemg always best displayed 
when placed in their own daylight colors. A red wafer, for 
example, appears red in the white light of day, because it re« 
fleets red light uKNre copiously than any of the other colors. 
If we place a red wafer in yeUow light, it can no longer ap« 
pear red, because there is not a particle of red light in the 
yellow light which it could reflect It reflects, however, a 
portion of yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red light and not reflected white 
light from its outer surface, which all colored bodies do, it 
would in that case have appeared absolutely black when 
placed in yellow light The colors, therefore, of bodies arise 
from their property of reflecting or transmitting to the eye 
certain rays of white light, whOe they stifle or stop the re- 
maining^ rays. To this point the Newtonian thecHry is support- 
ed by mMlible experiments ; but the principal part or the 
theory, which has for its object to determine the manner in 
which particular rays are stopped, while others are reflected 
or transmitted, is not so well founded. 
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As Sir Isaac has stated the principles of his theory with the 
greatest clearness, we shall give them in his own words. 

**lst. Those superficies of transparent bodies reflect the 
greatest quantity of light which have the greatest refracting 
power ; that is, which separajte media that difier most in their 
refracting power. And in the confines of equally refracting 
media there is no reflexion. 

**2d, The least parts of almost all natural bodies are in 
some measure transparent ; and the opacity of these bodies 
arises from the multitude of reflexions caused in their internal 
part& 

** 3d, Between the parts of opaque and colored bodies are 
Inany spaceB, either empty, or replenished with mediums of 
other densities; as water between Che tinging corpuscles 
wherewith any liquor is impregnated; air l^tween the 
aqueous globules that constitute clouds or mists ; and for the 
roost part spaces, void of both air and water, but yet perhaps 
not wholly void of all substance, between the parts of all 
bodies. 

** 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored. 

♦*5th, The transparent parts of bodies, according to their 
several sizes, reflect rays of one color, and transmit those of 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I ta!ke to be the ground 
of all their colors." 

" 6th, The parts of bodies on which their colors depend are 
denser than the medium which pervades their interstices. 

" 7th, The bigness of the component parts of natural br^liefl 
may be conjectured by their colors." 

• upon these principles Sir Isaac has endeavored to explain 
the phenomena of transparency, black and white opacity^ and 
eclor. He regards the transparency of water, salt, glass, 
stones^ and such like substances, as arising from the smallness 
of their particles, and the intervals between them ; for though 
he considers them to be as full of pores or intervals between 
the particles as other bodies are, yet he reckons the particles 
and their intervals to be too small to cause reflexion at their 
common surfaces. Hence it follows, from the table in page 
93, that the particles of air and their intervals cannot exceed 
the half of a millionth part of an inch ; the particles of water 
the |th of a millionth, and those of glass the ^d of a millionth; 
because at these thicknesses the light reflected is nothing, or 
the very black of the first order. The opacity of bodies, snch 
as that of white paper, linen, &c., is ascribed by Kewton to a 
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greater size of the particles and their internals, viz. such a 
rize as to reflect the white, which is a mixture of the colors 
of the different orders. Hence in air they must exceed 77 
miilionths of an inch, in water 57 millicntHs, and in glass 50 
millionths. 

In like manner all the different colors in Newton's table 
are supposed to be produced when the particles and their in- 
tervals have an intermediate size between that which pro- 
duces transparency and that which produces white opacity. 
If a film of mica, for example, of an uniform bltie color, is cut 
into the smallest pieces of the same thickness, every piece 
will keep its color, and a heap of such pieces will constitute a 
mass of the same color. 

So far the Newtonian theory is plausible ; but in attempting 
to explain black opacity, such as that of coal and other bodies 
absolutely impervious to light, it seems to fail entirely. To 
produce blackness, ^ the particles must be less than any of 
Hkoee which exhibit color. For at all greater sizes there is too 
much light reflected to constitute this color ; but if they be 
supposed a little less than is requisite to reflect the white and 
very faint blue of the first order, they will reflect so very little 
lifrht as to appear intensely black.'* That such bodies will be 
)mck when seen by reflexion is evident ; but what becomes 
of all the transmitted light 1 This question seems to have 
perplexed Sir Isaac. The answer to it is, " it may perhaps 
oe variously refracted to and fro within the body, until it 
happens to be stifled and lost ; by which means it wUl appear 
intensely black." 

In this theory, therefore, transparency and blackness are 
supposed to be produced by the very same constitution of the 
body ; and a refraction to and fro is assumed to extinguish 
the transmitted light in the one case, while in the other such 
a refraction is entirely excluded. 

In the production of colors of every kind, it is assumed 
that the complementary color, or generally one half of the 
Hght, is lost by repeated reflexions. Now, as reflexion only 
changes the direction of light, we should expect that the light 
thus scattered would show itself in some form or other ; but 
though many accurate experiments have been made to discover 
it, it has never yet been seen. 

For these and other reasons,*! which it would be out of 
place here to enumerate, I consider the Newtonian theory of 

* See a more detailed examination of the theory in my Life of Sir Iiaao 
llfewtoa. 

t For an account of Sir David Brewster's outline of a new theory of tbt 
colors of natural bodies, see Note VII. cf Am. cd. 
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colon 88 applicable only to a small class of phenomena, while 
it leaves unexplained the colors of fluids and transparent 
solids, and all the beautiful hues of the vegetable kin^om. In 
numerous experiments on the colors of leaves, and on the 
juices expressed from them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably found that the transmitted and the reflected tint is 
the same. Whenever there was an appearance of two tints, 
I have found it to arise from there being two differently color- 
ed juices existing in different sides of the leaf. The New- 
tonian theory is, we doubt not, applicable to the cok>rs of the 
wings of insects, the feathers of birds, the scales of fishes, the 
oxidated films on metal and glass, and certain opalescences 

The colors of vegetable life and those of various kinds of 
solids arise, we are persuaded, from a specific attraction which' 
the particles of these bodies exercise over the di^rently col- 
ored rays of light It is by the light of the sun that the colored 
juices of plants are elaborated, that the colors of bodies are 
changed, and that many chemical combinations and decompo- 
sitions are effected. It is not easy to allow that such effects 
can be produced by the mere vibration of an ethereal medium; 
and we are forced, by this class of facts, to reason as if light 
was material. -When a portion of light enters a body, and is 
never again seen, we are entitled to say that it is detained by 
some power exerted over the light by the particles of the body. 
That it is attracted by the particles seems extremely probable, 
and that it enters into combination with them, and produces 
various chemical and physical effects, cannot well be doubted ; 
and wi^out knowing the manner in which this combination 
takes place, we may say that the light is absorbedj which is 
an accurate expression of the &ct 

Now, in the case of water, glass, and other transparent 
bodies, the light which enters their substance has a certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comes 
out colorless, because the particles have absorbed a propor- 
tional quantity of all the different rays which compose white 
light, or, what is the same thing, tlie body has absorbed white 
light 

In all colored solids and fluids in which tlie transmitted 
light has a specific color, the particles of the body have ab- 
sorbed all the rays which constitute the complementary color, 
detaining sometimes aU the rays of a certain definite refran- 
ffibility, a portion of the rays of^^ other refirangibilities, and al- 
jowinff other rays to escape entirely from ateorption ; all the 
rays thus stopped will form by their union a particular com- 
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pound color, which will be exactly complementary to the color 
of the transmitted rays. 

In black bodies, such as coal, &c., all the mya which enter 
their substance are absorbed ; and hence we see the reason 
why such bodies are m^e easily heated and inflamed by the . 
action of the luminous rays. The influence exercised by heat 
and cooling upon the absorptive power o£ bodies furnishes an 
additional support to the preceding views. 

(166.) Before concludmg this chapter, we may mention a 
few curious facts relative to white opacity, black opacity, tad 
color, as exhibited by some peculiar substances. 

1st, Tabasheer, whose refractive power is 1*111, between 
air and water, is a silicious concretion found in the joints of 
the bamboo. The finest varieties reflect a delicate azure 
color, and transmit a straw-yellow tint, which is complement- 
ary to the azure. When it is slightly wetted with a wet 
needle or pin, the wet spot instantly becomes milk white ,and 
opaque. The application of a greater quantity of water re- 
stores its transparency. 

2dly, The cameleon mineral is a solid substance made by 
heating the pure oxide of manganese with potash. When it is 
dissolved in a little warm water, the solution changes its color 
from green to blue and purple, the last descending in the order 
of the rings, as if the particles became smaller. 

3dly, A mixture of oil of sweet almonds with soap and sul- 
j^huric acid is, according to M. Claubry, first yellow, then 
orange, red, and violet. In passing from the orange to the 
red, the mixture appears almost black. 

4thly, If, in place of oil of almonds, in the preceding ex- 
periment, we employ the oily liquid obtained from alcohol 
heated with chlorine, the colors of the mixture will be pale 
yellow, orange, black, red, violet, and beautiful blue. 

5thly, Tincture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color ; but when 
the bottle is opened and the fluid shaken, it becomes in a few 
minutes red, and then violet-blue. 

6thly, A solution of JuBmatine in water containing some 
drops of acetic acid is a greenish yellow. When introduced 
ioto a tube containing mercury, and heated by surrounding it 
with a hot iron, it assumes the various colors of yellow, 
orange, red, and purple, and returns gradually to its primitive 
tint 

7thly, Several of the metallic oxides exhibit a temporary 
change of colof by heat, and resume their original color by 
cooling. M. Chevreul ot»erved, that when mdigo, spread 
upon paper, is volatilized, its color passes mto a very brilliant 
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ppj-red. The yellow irfioaj^ta rf lead grom green nfacs 



poppy-i 



Sdiljr, One of tbe most ramark&blc beta, bowcTer, is that ■. 
discoTcrediij M. Tbenard. He found that phoefritoruE, puriSe<t 
. hj repeotea dlEtiUitioos^ though naturally of a whitish yellow 
color when allowod to cool dowly, bearmel absolutely bItuA 
whsD thrown molted into cold water. Upon touching saaa 
little globules tliat still remained yellow and liquid when bo 
waa repeating this experiment, M. Biot found that they in> ' 
■tantly Wame solid and blacL 



CHAP. XXXV. 



•ye, that masterpiece of divine mecbanism, forms an inleiest- 



material universe, is represented in Jigs. 140. and 141., the 
firmer being a front and external view of it, and the latter a 
■ectjon of it through all its humors. 

The human eye is of a spherical form, with a. alight pro- 
tection in fronL The eyeball or globe of the eye consists of 
toar coats or membranes, which have received the names of 
the iclcralK coat, the choroid coat, the cornea, and the retinai 
and these coats inclose three humors, — the aquema kamof, 
the vitrema humor, and the crytlaSint hvmor, the last of 
which h:is the ibrm of a lens, "nie sclerotic coat, aaaa, t* 
the outermost, is a strong and tough membrane, to which art 
\ all the muscles which give motion to the eyeball, 
fig. 1&. 
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and it ccmstltiitnd the white of the ey9, a «, J^, 140. The 
oomeOf 6 ^ is the clear and trai^parent coat which imns the 




front of the eyeball, and is the first opti&al surface at which 
the rays of li?ht are refracted. It is firmly united to tile 
wderotw coat, filling up, as it were, a circular aperture in ila 
ftoat The cornea is an exceedingly tough membrane, of 
equal thickneas throughout, and composed of several firmly 
adhering layers, capable of opposing great resistance to ex- 
ternal injui^. The choroid coat is a delicate membrane linii^ 
the inner surface of the sderotic^ and covered on its inner 
auriace with a black {ngment Immediately within this pig- 
Btent, and close to it, lies the retina^ rrr, which is the inner- 
most coat of alL It is a delicate reticulated memt»«ne, ft)rmcd 
by the expansi^i of the optic nerve, O O, which enters the eye 
at a point about -j^ of an inch from the axis on the side next 
the nose. At the extremity of the axis of the eye, in a lino 
passing through the centre of the cornea^ and perpendicular 
to its surface, there is a small hole, with a yellow margin, 
called the foramenrcentraley which, notwithstanding its name, 
is not a real opening, but only a transparent spot, free from 
the soil pulpy matter of which the retina is composed. 

In looking through the cornea from without, we perceive a 
fla'^ circular membrane, *ey! Jig, 141., or within, 6 d. Jig', 140., 
which is grey, blue, or black, and divides the anterior of ibe 
eye into two very unequal parts. In the centre of it there is 
a circular opening, d, called the pupUf which widens or ex- 
pands when a small portion of light enters the eye, and closes 
or contracts when a great quantity of light enters. The two 
parts into which the iris divides the eye are called the tmterior 
and the posterior chambers. The anterior chamber, which is 
anterior to the iris, ef, contains the aqueous humor ; and the 
posterior chamber, which is posterior to the iris, contains the 
oryBtaUsne and vitreous humors, the last of which fills a gMat 
portion af the eyebalL 
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The eryrtifliiie len, c c, jt^f'. liL, is a more lolid Mbstaqpt 
than either the aqueoos or the vitreous humor. J^ is suspeum 
in a transparent bag or capsule by the ciliary processes, g g^ 
which are attached to every part of the margin or circumfer^ 
•nee of the ciEipsule. This lens is more convex behind than 
b^bre ; the radius of its anterior surface bein^ 0*90 of an inch, 
and that of its posterior sur&ce 0*22 of an mch. The lens 
increases in densi^ from its circumference to its centre, and 
possesses the doubly refracting structure. It consists of con- 
centric coats, and these are again composed c£ fibres. The 
vitreous humor, V V, is contained in a capsule, which is sup- 
posed to be divided into several compartmenta 

The total len^ of the eye from O to 6 is about 0^1 of an 
Inch ; the principal focal distance of the lens, c c, is 1*73 ; and 
the range of the moving eyeball, or the diameter of the fi^ 
of distinct vision, is 11(^. The field of vision is 50^ above a 
horizontal line ukl 70^ below it, or altogether 120^ in a ver- 
tical plane. It is 00^ inwardi and 90*^ outwards, or altogether 
in a h<»rizontal plane 150^. 

I have found the blowing to be the refractive powers «C 
iStut different hnmors of the eye; the ray of light being inch 
dent upon them fiom air : — ^ 

Aqueous - ' CryskHhte Lou. Viinmu 

Humor, •mtkfo*. CnAn. Man. HumOT* 

1*3366. 1*3767. 1*3990. 1*3839. i-33^ 

But as the rays refhicted by the aqueous humor pass into 
the crystalline, and those from the crvstalline into the vitreods 
humor, the indices c^ refraction of the separating surface of 
each of these humors will be : — 

From aqueoOB humor to cater coat of the cryftalline 1*0300 

From da to crystalline, using the mean index - - 1*0353 

From crystalline onter coat to vitreous 0*9729 

From da to da using the mean index 1 . . 0*9679 

As the cornea and crystalline lens must act upon the rays 
of light which fiiU upon the eye exactly like a convex l^is, 
inverted images of external objects will be formed upon the 
retina r r r in precisely the same manner as if the retina were 
a piece of white paper in the fbcus of a single lens placed at 
d There is this difference, however, between the two cases, 
that m the eye the spherical aberration is corrected by means 
of the variation in the density of the crvstalline lens, wluch, 
having a greater refractive power near the centre of its mass, 
refracts the central rays to the same point as the rays whieh 
pass through it |;iear its circumference oc. No provision 
however, is made in the human eye for Uie correctioo gf eole 
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ft e ca oB e tiie deiristkm of the di^rently colored njB h toe 
eoudi Co prodece indistinctness of visicoL If we shut up aQ 
the pupil excepting a portion of its ed^ or look past the 
finger held near the eye, till the finorer almost hides a narrow 
line of white light, we shall see a distinct prismatic i^pectruBi 
of tiiis line containing all the different colors ; an efl^t whicb 
eould not take place if the eye were achromatic. 
- TiMit an inverted image of external objects is f<Hined on 
the relana has been often provM, and may be ocularly demon- 
Btrated by taking the eye of an ox, and paring away with a 
sharp instrument the sclerotic coat till it becomes thin eiioogh 
to see the image through it Beyond this point optical science 
cannot carry us. In what manner the retina conveys to thm 
brain the impressicms which it receives from the rays of light 
we know not, and peiiiaps never shall know. 

On the Phenomena and Laws qf Vision 

(167.) h On the seat of vision. — The retina, from its de& 
Mile structore, and its proxhnity to the vitreous humor, ha| 
always been regarded as the seat of vision, or the sur&ee oa 
Nrydh the refracted rays were convolved to their feci, for the 
varpoae of conveying the impression to the bfain, till M. 
Mariotte made the curious discovery that the base oi the optle 
serve, or the circular section of it at O, Jig. 141., was in* 
capable of conveying to the brain the impresnon of diBtinoC 

l^fflOB. 

He found that when the image of any external nftyject foQ 
i^oa the base of the optic nerve, k instantly disapp^ired. lift 
erder to prove this, we have only to place upon the waU, at 
the height of the eye, three wafers, two feet distant fVom eedi 
ether. Shuttinjgf one eye, stand q^posite to the middle wafori 
and while lookm|^ at the outside wafer on the same hand at 
tiie shut ejre, retire, padually from the wall till the middlo 
fnfer disappears. This will happen at about five times the 
distance of the wafers, or ten feet from the wall ; and whai 
the middle wafer vanishes, the two outer ones will be distinctly^ 
seen. If "candles are substituted for wafers, the middle candle 
will not disappear, but it will become a cloudy mass d light 
If the wafers are placed upon a colored wall, the spot occu- 
pied by the wafer will be covered by the color of the wall, ae^ 
if the wafer itself had been removed. According to Daniel 
Bernoulli* the part of the optic nerve insensible to distinct 
i m pres si ons occupies about the seventh part of the diameter 
of the eye^ or about tl^ eighth of an mch. 

Tfaii rnifitneiw <^ the base of the optic nerve for giviqg 
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4iidiict yiHon, indiioed Maiiotte to beUeve thtt the pk e n i i 
coat, which lies imniediately below the retina, Tperhrms tha 
^iDCtiona aacribed to the retina'; for where tore was no 
eboroid coat there was no distinct vision. The opacity of the 
choroid coat and the transparency of the retina, which r^ido^ 
ed it an unfit ground for the reception of iauiges» were argu^^ 
ments in favor of this opinion. Comparative anatomy fumiahes 
ua with another argument, perhaps even more conclusive than 
any of those urff^ by Mariotte. In the eye of the 9epui 
loligo, or cuttle-fish, an opaque membranous pigment is inte^ 
posed between the reliiin end the vitreous humor i* so that, jS 
the retina is esaentkl to vision, the impressions of the image 
on this black membrane must be conveyed to tte retina bf 
the vilnrations of the membrane in fVont of it Now, since 
the human retina is transparent, it will not prevent the imagei 
of objects from being fiirmed on the choroid coat; and the 
vibrations which they excite in this membrane, being coro- 
municated to the retina, will be conveyed to the brain. These 
TJews are strengthened by another fact of some interest I 
have observed in young persons, that the (^OToid coat (wbicb 
is ffenerally suj^iiosed to be black, and to grow fiunter by age,) 
reflects a brilliant crimson cobr, like that of degs ana o&er 
animals. Hence, if the retina is affected by rays ^hich pa>f 
through it, this crimson light which must nece«ri]y be trass* 
xnitted by it oufht to excite the sensation of crimson, which 1 
find not to be the case. 

A French writer, M. Lehot, has recently written a workf 
cndeavonnff to prove that the seat of vision is in the vitreous 
knmor; and that, in place of seeing a flat picture of the ob« 
kct, we actually see an image of three dimensicMis, viz. with 
length, breadth, and thickn^ To produce this effect, he 
fkj^poses that the retina sends out a nuodbier d* small nervous 
alaments, which extend into the vitreous hmnor, and conv^ 
tp the brain the impressions of all parts of the imaga If thui 
theory were true, the eye would not require to adjust itp^ te 
different distances; and we besides know for certain, that the 
•ye cannot see with equal distinctness two points of an object 
at different distances, when it sees one of them perfectly. M. 
Lehot miglit indeed reply to the first of these objections, that 
the nervous filaments may not extend far enough into the 
vitreous humor to render adjustment unnecessary ; but if we 
admit this, we would be admitting an imperfection of work- 
manship, in so far as the Creator would then be employing two 
*' - 

Dr. Knox, Edinb, Jourhul iff Seinue, No. VI. p. 199. 
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IMs of mecluuikiii lo produce an eAct "wliidi eo^ havs 
been eaiilj prochieed by either of tfaem separately. 

At diifiemdeB still attach to every opfnion r e qae ctin g the 
aeat of Tision, we bMI still adhere to the usaal expressiov 
ueed iiy dl opiietd writers, viz. that the images of objects are 
pointsd OB the Tetina. 

(168*) 2. CM tike law ef visihk iirecHon. — ^When a ray 
of light falls upon the retina, and gives us vision of the point 
of SB oi]ject fironi which it proceeds, it becomes an interesting^- 
question to determine in what direction the c%ject will be seen, 
reckoning from the point Where it fiills u^xm the retina. In 
Jig^^ 14SL, let F be a point of the retina on which the image of 
a poifit of 4i distant ol^eet is fermed by meens of tl^ crystalline 

Fig. 142. 




lens, supposed lo be at L L. Now, the rays which hm the 
imatge cf the point at F ikll upon the retina in all possible di- 
reetioDS fhmi L F to L F, and we know that the point F is 
seen in the direction FOR. In the same manner, the points 
ff are seen somewhere in the directions /' S,/T. These 
Imes F R,/' S,/T, which may be called the lines of visible 
lAtredKSn, may either be those which pass through the centre 
C of the lens L L, or, in the case of the eye, through the 
centre of a lens equivalent to all the refractions employed in 

Srodocing the image ; or it may be the resultant of all the 
irections within the angles L F L, L/L; or it may be a line 
perpendicular to the retina at F,/'/ In order to determine 
this pmnt, let us look over the top of a card at the point of 
the object whose image is at F till the edge of the card is just ' 
about to hide it, or, what is the same thing, let us obstruct all 
the rays that pass through the pupil excepting the upper ones, 
R L, KC; we shall then fhkt that the point whose image is at F, 
is seen in the same direction as when it was seen by all the 
rays L F, C F, LF. If we look beneath tiie card in a similar 
naanenseftsloaeetlieoMeolby thebweriayB,RLF,ECF 

V2 



ip« iMIms It in tin nm» dinstaoo* Hasee it ia miuufiHl 
that the line of vinble direetion does not depend on the diree> 
tion of tin ny, bat is always perpendicokur to the retina. This 
inportant truth in the physiokiffy of vision may be proved ii 
•nother way. If we look at the snn orcar the top of a card, 
as before, so as to impress the eye with a permanent ^ectnia 
by means of rays L F faUmflr obliquely on the retuia, this 
ipecbiim will be seen al<»g lae axis <^ vmoia F C. In liks 
mannw, if we press the eyeball at any part where the r^ioi 
is, we i^iall see the luminous impressien which is (nneduced, in 
a directiixi perpendicular to the point of pressui*; and if we 
make the pressure with the head of a pin, so as to press either 
obliquely or perpendioulariy, we shall find that the luminous 
■pot has the same direction. 

Now, as the interior eyeball is as neariy as possiUe a perfect 
rohere, lines perpendicular to the surface oi the retina most 
all pass through one single point, namely, the centre of its 
spherical surface. This one point may be called the centre rf 
visible directum, because every point of a visible object wul 
be seen in the dhrection of a Ime drawn iiom this centre to 
the viadble point When we nnyve the eyeballby means of its 
own muscles through its whcde ran^re of 110^, every point of 
an object within the area of the visible field either of distisct 
or indistinct vision remains abscdutely fixed, and this arises 
from the immobility of the centre c^ visible direction, and, 
^ eonsequently, of the lines of visible direction joining that 
centre and every point in the visible fidd. Had the centre of 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed, if we pres 
the eye with the finger, we alter the spherical fi^rm oc the 
surface of the retina; we consequently alter the directioo of 
lines perpendicular to it, and also the centre where these lines 
meet; so that the directions oi visifaie olijeGts ^oudd be 
changed by pressure, as we find them to be. 

(1^.) 3. On the cause q^ erect vision from an inverfei 
linage. — As the refractions which take place at the surfiice of 
the cornea, and at the surfiu^es of the crystalline lens, act ex- 
actly like those in a oonvex lens in forming behind it an in- 
verted image of an erect object ; and as we know from direct 
experiment that an inverted imaffo is fcMrmed on the retina, it 
has been long a problem among ue learned, to determine bdW 
an inverted image produces an erect object It would be a 
waste oi time to give even an outline of tlie different epioioas 
which have been entertained on this subject; but there ia ofie 
BO extraordinary as to merit nottc& Acoordii^ to this opinioOf 
all in&nts see objects upside down^ and it is wy by eoo^anilg 
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liie erroneous inibrreatm aoqoired by vitba with the aeoarsto 
infomiation acquired b^ touch, that the youug learn to see 
otigects in an erect poeitioB ! To re&te such an opinion would 
be an insult to the atdligent reader. The estauishment of 
the true cause of erect visiop necessarily overturns all erro- 
Beous hypotheeea 

The law of visible direction above explained, and deduced 
from direct experiment, removes at once every difficulty that 
besets the subject The ^es of visiUe direction necessarily 
cross each other at the centre of vinble direction, so that those 
from the lower part of the image go to the upper part of the 
diject, and thoso Gtom the upper purt of the image to the lower ^ 
psot of the object Hence^ in Jig, 142, the visible directioa 
of the pointy^, formed by rays coming from the upper end S 
cf the object, will be/'CS, and the visible direction c£ the 
pointy ibrmed by rays coming from the lower end T of tli* 
object, will be/CT; so that an inverted image neceaearily 
produces an erect object 

This conclusion may be illustrated in another way. If we 
hold up against the sua the erect %ure of a man, cut out of 
a inece c? black paper, and look at it steadily for a little 
white ; if we then shut both eyes, we shall see an erect spec* 
trum of the man when the figure c^ the paper is erect, and 
an inverted spectrum df him when the figure is held in an 
inverted pontion. In this case, there are no rays {nroceeding 
from the object to the retina after the eye is shut, and therefore 
the object is seen in the positions above mentioned, in virtue 
of the lines of visH)le direction being in all cases perpendicular 
to the impressed part of the retina. V 

(170.) 4. On the law of diHinct vmon. — ^When the eye 
is directed to any point c^ a landscape, it sees with perfect 
cKstinctness only that poii^ of it which is directly in the axis 
of the eye, or the image of which fiills upon the central hole 
of the retina. But, though we do not see any point but the 
one with that distinctness which is necessary to examine it, 
we still see the other ports of the landscape with sufficient 
distinctness to enable lis to enjoy its general effect The ex- 
treme mobility of the eye, however, and the duratbn of the 
impressions inade upon the retina, make up for this apparent 
defect, and enable us to see the landscape as perfectly as if 
every part of it were seen with equal distinctness. 

The indistinctness d vision for all objects situated out of 
the axis of the eye mcreases with their distances from that 
axis ; so that we are not entitled to ascribe the distinctness of 
vtaien in the axis to the circumstance of the image being 
fomied on the caotal hok of the letina, whese there is no 



iMTfom nwttdf; tor if Chit were tlte ease, there would be a: 
precwe boandary between diednct and indiatinct viaioD, or the 
retina would be found to grow thicker and thicker as it re- 
ceded from the central hde, which is not the caae. 

In raakinf some experiments on the indistinctneea of viaon 
at a distance from the axis of the eye, I was led to observe a 
▼ery remarkable peculiarity of oblique vision. If we shut one 
eye, and direct tlM other to any fixed ponit, such as the head 
or a pin, we shall see indistincuv aH other objects within the 
sphere of vision. Let one of these objects thus seen indis- 
tinctly be a strip €i white paper, or a pen lying- upon a green 
doth. Then, after a short time, the strip of paper, or the pen, 
wMl disappear altogether, ils if it were entirely removed, the 
im p res si on of the green cloth upon the sommnding parts of 
the eye extending itself over the part of the retina which the 
image of the pen occupied. In a short time the vanielied 
image will reappear, and again vani^ When both eyes are 
open, the very same efl^t takes place, but not so readily at 
with one eye. If the object seen indistinctly is a black stripe 
on a white ground, it wiU vanish in ar similar manner. When 
the object seen obliquely is huninoos, such as a candle, it wiS 
never vanish entirely, unless its light is much weakened by 
heme placed at a great distance, b^ it swells and contracts, 
and k encircled with a nebulous halo f so that the luminoos 
impressions must extend themselves, to adjacent parts of the 
retma which are not influenced by the light itself. 

It, when two candles are placed at Uie distance of about 
si^torten ^t fiom the eye^ and about a foot from each 
other, we view the one directly and the other indirectiv, the 
Indirect image wtU swell, as we have already mentioned, aod 
wfll be surrounded with a bright rinff of yellow light, while 
the bright light within the ring will have a pale Hue color. 
If the candid are viewed through a prism, the red and greea 
light of the mdirect image will vanish, and there will he left 
only a large mass of yelk>w terminated with a portion of blue 
light In making this experiment, and looking steadily and 
d&ectly at one of the prismatic images of the candles, I was 
sarprised to find that the red and green rays began to dis- 
appear, leaving only yellow and a small pcntion of blue; and 
when the eye was kept immovably fixed on the same point of 
the image, the ytitew light became abnoet pure white, so that 
the prismatic image was converted into an elongated image 
of white light 

If the strip of white paper which is seen mdirectly with 
both eyes is placed so mar the eye as to be seen doubte, the 
rays which proceed ttouk it no longer fidl npoa rwp«^ t f |^ iii y 



C^UP^XJXV. LAW OF DliTUH3T vmON* SM 

points of the refcint, and the two ima^Mdo not vanbh UMtaiw 
taneously. But when the one begms to disappesr, the other 
begins soon after it, so that they aometimee appear to be ex- 
tinguished at the same time. 

From these results it appears thi^ oUi<^ue or indirect vision 
is inferior to direct vision, not only in dtstinctnees, bat from 
its inability to preserve a sostained vision of ob^ts; but 
thoti^h thus defective, it possesses a superiorky over direct 
vision in giving us more perfect vision of minute objects, such 
«s small stars, which cannot be seen by direct vmoD. This 
curious fiict has been noticed by Mr. Hersehel and Sir James 
South, and some of the Frendi astrmiomera. ** A rather siiK 
golar method," say Messrs. Hersehel and South, ^ of obtaining 
a view, and even a rougli measure, of the angles of stars or 
the last degree of faintness, has often been resorted to, viz. to 
direct the eye to another part of the field. In this way, a 
&int star, in the neighlxnrhood of a large one, will often be- 
come very conspicuous; so as to bear a certain illumination, 
which will yet totally disappear, as if suddenly UoUed out, 
when the eye is turned fiiU upon it, and so on, appearing and 
disappearing alternately as dten as you i^ease. The lateral 
portions of the retina, less ^tigued by stnmff lights, and leas 
ejdiausted by perpetual attentuxi, are probwly more sensiUe 
to &int impressions than the centnd ones; which may swve 
to account for this phenomenon." 

The fi)llowing explanation of this cunous phenomenoD 
seems to me more satis&ctory : — ^A biminou9 point seen by 
direct vision, or a sharp line of light viewed irteadily fi>r a 
considerable time, throws the retina into a state c^ agkation 
highly unfavorable to distinct viaon. If we look through the 
teeth of a fine comb held dose to the eye,* or even through a 
single aperture of the same narrowness, at a dieet of illumi- 
nated white paper, or even at the sky, the paper or the sky 
will appear to be covered with an infinite number of brdcen 
serpentine lines, parallel to the aperture, and in constant bk>- 
tion ; and as the q>erture is turned round, these parallel undu- 
lations will also turn round. These black and white lines are 
obviously undulations on the retina, which is s^isible to the 
impressions of liffht in one phase of the undulation, and insen- 
sible to it in anower phase. An analogous effect is produced 
bv looking stedfiistly, and for a considerable time, on the pai^ 
allel lines which represent the sea in certain maps. These 
lines will In^ak into pcntiona cS serpentine lines, and all the 
prismatic tints will be seen included between the broken cur- 
vilinear portiona. A sharp point or line of light is therefore 
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UMbte to kmp «p a tmtkiu ed Tinon of Ha^ spoo the retuia 
when seen direcuy. 

Now, in the case of indirect Tisioi^ we have already eeen 
that a luminous object does not vaaifh, but is seen indisuDctlyY 
and produces m enlargred image on the retma, beside that 
wfaicn is produced by tl^ defect of convergency in the pencila 
Hence, a star seen indireotty^ will af^t a larger portion of 
the retina from these two causes, asd, losing its sharpoesi^ 
will be more distinct It k a curious cireumstaoce, too, that 
la the experiment with the two candles mentioned above, tb#' 
oandles seen indirectly ffe<]uently appear moie mtensely 
bright than the candle seen dnrectly. 

(171). ^ Omthe intentilnUty of the eve to direct imfree* 
eione tjfJmiU light. — ^Tbe insensibility of the retma to indi* 
rect impressioiis ci objects ordinarily illuminated, has a sin* 
gular counterpart in its insensibility to the direi^ imyicsrion 
M very fiiint light If we fix the €^e steadily en objects in a 
dark room that are illuminated with the feintest gleam of - 
light, it will be soon thrown into a state of paii^td agitation f 
t& objects will appear and disappear according as tSe retina 
has recovered or lost its senmbility. 

These afieetions are no doubt the souree d many optical 
deceptions which have been ascribed to a supernatural origm* 
In a dark night, when objects are feebly illuminated, their 
disappearance and reappearance must seem very extraordinary 
to a pefson whose fear or curiosity calls forth all his powers of 
observation. This defect of the eye must have been often 
noticed by the sportsman in attempting to mark, upon the mo- 
notonous heaths, the particular • spots where moor-game had 
alighted. Availing himself of the slightest difference of tmt 
in the adjacent heatlhs, he endeavors to keep his eye steadi^ 
upon it as he advances ; but whenever the contrast of illumi* 
nation is feeble, he almost always loses sight of his mark, or 
if the retina does take it up a second time, it is only to lose it 
again.* 

(172.) Q» Onthe duration of impressions of l^hton the 
retinm, — ^Every person must have obiserved that the efifect of 
light upon the ^e continues for some time. Durins^ the 
twinkling of the eye, or the rapid closing of the eyelids ioi 
the purpose of diffusing the hibncating fluid over tiie- cornea, 
we never lose si|^t of the objects we are viewing. In like 
manner, when we whirl a burning stick with a rapid motiixi, 
its bumii^ extremity will produce a complete circle ckT light, 

* a«0 tb^ SdimbwrghJmtart^M^ Seimtct^ No. YI. ^ S8B. 
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aU^MMgh tlMt exti^emify cao eoiy be itt ooe ptrt of Uw divle 
at the same instant 

The meet instructive experiment, however, on this subject. 
mod oae which it requires a good deal of practice to make 
well* is to look fer a short time at the window^at the end of a 
lonff apartment, and then quickly direct the eye to the dark 
waS^ In general, the ofdinary observer will see a pictmre of 
lb# window, in which the dark bars are white and the white 
p«aes dark ; but the practised observer, who makes the observ* 
alioB with great promptness, will see an accurate represoata* 
turn ef the window with (|ark bars and bright panes; but this 
r^resentatioQ is instantly socpeeded bv me complementaxr 
metnre, in which the bars are bright and the panes dark M« 
b'Arcy found that the light of a live coal, moving at the diiK 
taace of 165 feet, maintained its impression on the retina 
dwiog the seventh piul of a second.* 

(!'&.) 1, On the otmst qf Mingle vinon tokh two eyes .-^ 
Although an image of every visible ol^t is formed on the 
w^Hm^ S each eye^ y^ when the two eyes are capaUe of di^ 
iwting their axes to any given oli^t, it always appears single. 
There is no doubt that, in one sense, we really see two object^ 
bAt these objects appear as one, in consequence of the one-oc- 
^opving exactly the same place as the other. Single vision 
wmk two ^es, or with any number of ^es, if we had them, 
is the Beeessary consequence of the law of visible direction. 
By the action of the ^eternal muscles of the eyeballs, the 
m$m of eaeh eye can be directed to any point of space at a 
grei^r distance than 4 or 6 inches. If we look, far example, 
at an aperture in a win^3W-6butter, we know that an inuige 
<^ it is formed in each eye ; but, as the line of visible direc* 
tion from any point in the one image meets the line of visible 
diMetion from the same point in the other imaffe, eaeh point 
w^ be seen as ooe point, and, consequently, the whole ap^* 
(mre seen by one eyewiU ccnncide with or cover the whole 
aperture seen by the other. If the axes of .both eyes are di* 
lected to a point beyond the window, or to a point within the 
room, the.ap^rture will then appear doublet Wause the lines 
of visiUe direction from the same points in each image do not 
meet at the aperture. If the muscles of either of the eyes it 
Btiu^le to direct the two aoes of the eyes to the same point, 
the object will in that case also appear double. This inability 
of one eye to follow the motions of the other is frequently the . 
eanae of squinting, as the eye which is, as it were, left behind 
looks in a different dkeetioii from the other. The 



* For a fimher iUustratien, tet Note Vttl. of Am. ed. 
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flame eflect is often produced by tlie imperfeet ytakm of tme 
eye, in consequence of which the ffood eye only n used. 
Hence the imperfect eye will gradually lose the power of Al- 
lowing the motions of the other, and will therefore lode in a 
different direction. Hie disease of squinting may be often 
easily cured. 

(174.) S, On the accommodation of the eye to different 
distances, — ^When the eye sees objects dktinctly at a greait 
distance, it is unable, without some change, to see objects dis- 
tinctly at any less distance. This will be readily seen by 
looking between the fingers at a distant object When the 
distant object is seen distinctly, the finfers will be seen indis- 
tinctly ; and, if we look at the fingers so as to see them dis- 
tinctly, the distant object will be quite indistinct The roost 
distinguidied philosophers have mamtained difl^rent opinioBS 
respecting the method by which the eye adjusts itself to di& 
ferent distances. Some have ascribed it to the mere enlarge- 
ment and diminution of the pupil ; some to the elongation of 
the eye, by which the retma is removed from the crystalliM 
lens ; some to the motion of the crystallitte lens ; and otfaeiv 
to a change in the convexity of the lens, on ^the suppositioa 
that it consists of muscular fibres. I have ascertained, by 
direct experiment, that a variation in the aperture of Uie pu|Hi, 
produced artificially, is incapable of producing adjintment, 
and as an elongation of the eye would alter the curvature of 
the retina, and consequently the centre of visible direction, 
and produce a change of place in the image, we consider thii 
hypothesis as quite untenable. 

In order to discover the cause of the adjustment, I made a 
series (^experiments, from which the fbllowing inferences may 
be ^rawn : — 

1st, The contraction of the pupil, which necessarily takes 

Slace when the eye is adjusted to near objects, does not pro- 
uce distinct vision by the diminution t^ the aperture, but by 
some other action which necessarily accompanies it 

2dly, lliat the eye adjusts itself to near objects by two 
actions ; one of which is voluntary^ depending wholly on the 
will, and the other tnvo/tenfary, depending on the stimulus of 
light fiilling on the retina. 

3dly, That when the voluntary power of adjustment faili^ 
the adjustment may still be efiected l^ the involuntary stimu- 
lus of light 

Reasoning fi'Om these inferences, and other results of ex* 
periment, it seems difficult to avoid Uie conclusion tlmt the 
power of adjustment depends on the mechanism which con- 
tnusts and dilates the pupil; and as this adjustment is inde- 
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peadent of the v^mtk» of ito apertin^y it most be effected 
the parts in immediate contact with the base of the iris. By 
considering the various ways in which the nechanism at. the 
.2>ase of the iris may prodiice the adjuf^ment, it appears to be 
Almost certain that the lens is removed from the retina by the 
contraction of the popiL* 

(175.) d^OnUie eiiM§e i^ longsightedness and skortsight' 
'^dfn^ss. — Between the agpes of ^ and 50, the eyes o€ mo0t 
persons begin to experience % remarkable change, which 
generally i£ows itself in a difficulty of reading small t3rpe or 
4M^printed bodu^ particularly by candlelight This detect of 
j^ht, which i% called longngJUedness^ because objects are 
seen best at a distance, arises from a change in the state of 
the crystalline lens, by which its density and refractive power* 
as well as its farm, are altered. It frequently begins at the 
margin of the lens, and takes several months to go round it» 
and it is often accompanied with a partial separation of the 
lamine and even of the fibres of tlie lens. ** If the human 
eye,'' as I have elsewhere remarked, ** is not manage with 
peculiar care at this period, the change in the condition of ^he 
lens often runs' into cataract, or terminates in a derangement 
of fibres, which, though not indicated by white opacity, occa- 
sions Imperfections of vision that are often mistaken for 
amaurosis and other diseasea A skilfbl oculist, who thorouj^hly 
understands the structure of the eye, and all its optical mnc- 
tionsi, would have no difiiculty, by means of nice experimental 
in detecting the very portion of the lens where this change 
bas taken place; in determining the nature and magnitude of 
the change which is going on ; in applying the proper reme- 
dies for stopping its progress ; and in ascertaining whetlier it 
has advanced to such a state that aid can be obtained fi-om 
convex or concave lenses. In such cai^s, lenses are often re- 
sorted to before the crystalline lens has su^red a uniform 
change of figure or of density, and the use of them cannot 
fikil to aggravate the very evils which they are intended to 
remedy. In diseases of the lens, where the separation of 
fibres IS cciiifined to small spots, and is yet of such magnitude 
as to give separate colored images of a luminous object, or 
irregular halos of light, it is often necessary to limit the aper- 
ture of the spectibcles, so as to allow the vision to be performed 
by the good part of the crystalline lens." 

This defect of the eye, when it is not accompanied with 

disease, inay be completely remedied by a convex lens, which 

_ ■ ■ - -■ — . 

* For a fuller account of tbeae experimenU, see Edinhtrgh JorniMi •i 
SdeneCt No. I. p. 77. 
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makaf op fur the flatnefls and dimhuflhod re&actbe power of 
the crystalline, and enables the eye to converge the pencils 
flowing from ney objects to distinct foci on the retina. 

Shortsightedness snows itself in an inability to see at a dis- 
tance ; and those who experience this defect brin^ minute oIk 
jects very near the eye in order t6 see them distinctly. The 
rays from remote objects are in this case coovergod to foci be- 
fore they reach the retina, and therefore the picture on the 
retina is indistinct. This imperfection often appears in early 
life, and arises from an increase of density in the central parts 
of the crystalline l^i& By using a suitable concave lens the 
convergency of the rays is delayed, eo that a distinct image 
can be formed on the retina. 



CHAP. XXXVL 

ON AOOIDKirTAL COLORS AMD OOE^mXP SHADOWS. 

(176.) When the eye has been strongly impressed with 
any particular species of colored light, and when in this state 
it looks at a sheet of white paper, the paper does not appear 
to it white, or of the color with which the eye was impressed, 
but of a difierent color, which is said to be the accidentnl color 
of the color with which the eye was impressed. If we place, 
for example, a bright red wafer upon a sheet of white paper, 
and fix the eye st^ily upon a mark in the centre of it, thea 
if we turn the eye upon the white paper we shall see a cir- 
cular spot of bluish green light, of the same size as the wafer. 
This color, which is called the accidental color of red, wiL 
gradually fade away. The bluish green image of the wafer it 
called an ocular spectrum^ because it is impressed on the eye. 
and may be carried about with it for a short time. 

If we make the preceding experiment with differently col- 
ored wafers, we shall obtain ocular spectra whose colors vaiy 
with the color of the wafer employed, as in the foUowmg taUa. 

%3mt m (M wiwr y^ Oculw ■pcctraau 

Red. Bluish green. 

Orange. Blue. 

Yellow. Indiso. 

Green. Rec^oiali violet 

Blue. Orange red. 

Indigo. Orange yellow. 

Violet. Yellow green 

Black. White 

White Blaek 



CHAP. XXXVI. on ACCIDBNTAL COLOKS. 255 

In order ta find the accidental color of any color in the speo- 
tirum, take half the lensfth of the spectrum in a pair of com- 
passes, and setting one root in the color whose accidental color 
IS reqnired, the other will fall upon the accidental color. 
Hence the law of accidental colors derived from oheervation 
may be thus stated : — ^The accidental color of any color in a 
prismatic spectrum, is that color which in the sam6 spectrum 
i« distant from the first color half the length of the spectrum ; 
or, if we arrange all the odors oi any prismatic spectrum in 
a circle, in their due proportions, the accidental color of any 
particular cdor will be the color exactly opposite that par- 
ticular cdor. Hence the two colors have been called vpposite 
colors. 

If the primitive color, or that which impresses the eye, la 
reduced to the same degree d* intensity as the accidental 
color, we shall find that the one is the complement of the 
otiier, or what the other wants to make it white light ; that 
k, the primitive and the accidental colors will, when reduced 
to the same degree of intensity which they have in the spec- 
trum, and when mixed together, make white light On this 
account accidental colors have been called complementary 
colors. 

With the aid of these facts, the theory of accidental colors 
will be readily understood. When the eve has been fi>r some 
time fixed on the red wafer, the part of^the retina occupied 
by the red image is strongly excited, or, as it were, deadened 
fey its continu^ action. The sensibility to red light will 
therefore be diminii^ed ; and, consequently, when the eye i^ 
turned fh>m the red wafer to the white paper, the deaaened 
portion of the retina will be insensible to the red rays which 
fi>rm part of the white light from the paper, and consequently 
will see the paper of that color which arises fi'om all the rays 
in the white light of the paper but the red ; that is, of a bluish 
green cdor, which is therefore the true complementary color 
of the red. When a black wafer is placed on a white 
Ipround, the circular portion of the retina, on which the black 
image falls, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, being excit^ by the white light of the paper, 
will be deadened hy its continued action. Hence, when the 
eye is directed to the white paper, it will see a white circle 
corresponding to the black image on the retina ; so that the 
accidental cdor of black is white. For the same reason, if a 
white wafer is placed on a black ground, and viewed stedfiistly 
for some time, the eye will afterwards see a black, circultur 
space ; ao that the accidental color of wJUte is black. 



3A0 A TBKATIBK OK OmfM. PART m* 

Such are the phenomena of accidental oolora when weak 
li^ht is employed ; but when the eye is impressed powerfully 
with a bright white light, the phenomena have quite a difierent 
character. The first person who made this experiment wit^ 
any care was Sir Isaac Newton, who sent an account of the 
results to Mr. Locke, but they were not published till 1829.* 
Many years before 1691, Sir Isaac, having shut his left eye^ 
directed the right one to the image of the sun reflected froQ 
a looking-glass. In order to see the impression which was 
made, he turned his eye to a dark comer bf his room, when 
he observed a bright spot made by the sun, encii^led by rio^ 
of colora This ** phantom of light and colors,^* as he calls it, 
gradually vanished ; but whenever he thought of it, it return* 
ed, and became as lively and vivid as at first He rashly re- 
peated the experiment three times, and his eye was impressed 
to such a degree, "Ihat whenever I looked upon the cloud% 
or a book, or a bright object, I saw upon it a round bidght 
spot of light like the sun ; and, which is still stranger, thot^ 
I looked upon the sun with my right eye only, ai2 not with 
my left, yet my fancy began to make an impression on my left 
eye as well as upon my right; for if I shut my right eye, or 
looked upon a book or the clouds with my lefl eye, I could see 
the spectrum of the sun almost as plain as with my. right eye.** 
The efifect of this experiment was such, that Sir lapac dorsl 
neither write nor read, but was obliged to shut himself com- 
pletely up in a dark chamber for three days together, and by 
keeping in the dark, and employing his mind about other 
things, he began, in about three or rour days, to recover the 
Qse of his eyes. In these experiments. Sir Isaac^s attention 
was more taken up with the metaphysical than widi the op- 
tical results of them, so that he has not described either the 
colors which he saw, or the chmsea which they underwent 

Experiments of a similar kind were made o^ M. ^pinuai 
When the sun was near the horizon, he fixed his eve steadily 
on the solar disc for 15 seconds. Upon shutting his eye he. 
saw an irregular pale sulphur yeUow image of \£e sun, encir- 
cled with a faint red border. As soon as he opened his eye 
upon a white ground, the image of the sun was a ^rptona^ 
red^ and its surrounding border sky blu,e. With his eye again 
shut, the image of the sun became green with a red bqrder, 
difibrent from the last Turning his eye again upon a white 
ground, the sun's image was more red, and its border a brighter 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky Uue, with the 
■ ' ■ — ' . — 

* III Lord Kiag'9 Life uf IxKka. 
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bcHxIer growing a finer red ; and when the eye was open, the 
q)ectrum became a finer red, and its border a finer blue. M. 
^pinus noticed, that when his eye was fixed upon the white 
ground, the image of the sun frequently disappeared, returned, 
and disappeared again. 

About the year 1808, 1 was led to repeat the preceding ex- 
periments of ^pinus; but, instead of looking at the sun 
when of a dingy color, I took advantage of a fine summer*8 
day, when the sun was near the meridian, and I formed upon 
a white ground a brilliant image of his disc by the concave 
•peculum of a reflecting telescope. Tying up my right eye, 
I viewed this luminous disc with my left eye through a tube, 
and when the retina was highly excited, I turned my left eye 
to a white ground, and observed the Allowing spectra by al- 
ternately opening and shutting it : — 

flpaetni wUk left ajr* cpt*. %Mti» wltt taA crt akal. 

1. Pink tarrouDded with green. Green. 

2. Orange mixed with fdnk. Blue. 

3. Yellowish brown. Bluish pink. 

4. Yellow. 

5. Pure red. Sky blue 

6. Orange.* ^ Indigo. 

Upon uncovering my right eye, and turning it to a white 
ground, I was surprised to observe that it also gave a colored 
spectrum, exactly the reverse of the first spectrum, which 
was pink with a green border. The reverse spectrum was a 
green with a pinkish border. This experiment was repeated 
three times, and always with the same result; so that it would- 
appear that the impression of the sdar image was conveyed 
W the optic nerve from the left to the rig^t eye. Sir Lraac 
Newton supposed that it was bis fancy that transferred the 
knage from his left to his right eye ; but we are disposed to 
think that in his experiment no transference took place, be- 
caose the spectrum which {le saw with both eyes was the 
same, whereas in my experiment it was the reverse one. We 
cannot however speak decidedly on this point, as Sir Isaac 
did not observe timt the spectra with the eye shut were the 
reverse of those seen with tlie eye open. If a spectrum is 
strongly formed on caie eye, it is a very difficult matter to de- 
termine on which eye it is fi>rmed, and it would be impossible 
to do this if tlte spectrum was the same when the eye was 
Q^n and shut. 

The phenomena of accidental colors are often finely seen 
when the eye has not been strongly impressed with any par- 
ticukr colored object It was kmg ago observed by M. Mens- 

W2 
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nier, that whea the son shone throogh a fade a qpiart^ of aa 
inch ia diameter in a red curtain, the image of the luminous 
spot was green. In like manner, every person must have ob- 
served in a brightly painted room, illuminated by the sun, that 
the parts of any white object on which the colored light doe* 
not &11, exhibit the complementary colors. In order to see 
this class of phenomena, I have found the following method 
the simplest and the best Having lighted two candles, hold 
before one of them a piece of colored glass, suppose bright red, 
and remove the other candle to such a distance that the tWQ 
shadows of any body formed upon a piece of white paper mav 
be equally daoL In this case one of the shadows will be reit 
an4 the other ^reen. With blue glass, one of them will bs 
blue, and the other orange yellow ; the one being invariably 
the accidental color of the other. The very same e^ct nu^ 
be produced in daylight by two holes in a window-shutter ; the 
one being covered wrth a colored glass, and the other trans* 
mitting the white light oi the sl^. Accidental colors may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or surfkce of colored 
glass sufficiently thin to throw back its color from the second 
surface. In this case the reflected image will always have 
the complementary color of the glass. The same ef^t may 
be seen in looking at the image of a candle reflected from the 
water in a blue &ger-glass ; the image of the candle is y^ 
lowish : but the effect is not so decided in this case, as the 
retina is not sufficiently impressed with the blue light of the 
glasa 

These phenomena are obvionsly di^rent from those which 
are produced by colored wafers ; because in the present case 
the accidental color is seen by a portion of the retina whidi 
is not aflected, or deadened as it were, by the primitive color. 
A new theory, of accidental colors is ^erefore requisite, to 
embrace thb class of facts. 

As in acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impressions or 
light, the sensation of one cobr is accompanied by a weaker 
sensation of its accidental or harmonic color.* When we look 
at the red wafer, we are at the same time, with the same por- 
tion of the retina, seeing green ; but being much fair 'er, it 
seems only to dilute the red, and make it, as it were, whiter, 
bf the combination Gf the two sensations. When the eye 
looks from the wafer to the white paper, the pemmnent sen- 



> The Xtrm kannomic bat been applied to accidvnui colori ; beeaoae tbt 
prlputiye aod U« accidenui color barmoaiae with eaMb otb«r in paintiaf. 
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cation of the accidental color remains, and we see a green 
iniag^. The duration of the primitive impression is only a 
fraction of a second, as we have already shown ; but the dura^ 
tion of the harmonic impression continues for a time proper* 
tional to the strength of tlie impression. In order to apply 
these views to the second class of facts, we must have re- 
coarse to another principle ; namely, that when the whole or 
a great part of the retina has the sensation c^ any primitive 
ccMor, a portion of the retina protected from the impression of 
the color is actually thrown into that state which gives the 
accidental or harmonic color. By the vibrations probably 
communicated from the surrounding portions, the in^uence of 
the direct or primitive color is not propagated to parts free 
from its action, excepting in the particular case oi oblique 
vision formerly mentioned. When the eye, therefore, looks 
at the white spot of solar light seen in the middle of the red. 
light of the curtain, the whole of the retina, except the por- 
tion occupied by the image of the white spot, k in tiie state, 
of seeing every thing green; and as the vibrations which 
constitute this state spread over the portions of the retina 
upon which no red light falls, it will, oi course, see the white 
cur'cular spot green." 

(177.) A very reiparkable phenomenon of accidental colors, 
in which the eye is not excited by any primitive color, was 
- c^bserved by Mr. Smith, surgeon in Fochabers. If we hold a 
narrow strip of white paper vertically, about a foot from the 
eye, and fix both eyes upon an object at scone distance beyond 
it, then if we allow the light of the sun, or the light of a can- 
dle, lo act strongly tipon the right eye, without affecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright green color; and 
the right hand strip of a red color. If tlie strip of paper is 
sufficiently brood to make the two images overlap each other, 
the overlapping parts will be perfectly white, and free from 
o^or ; which proves that the red and green are complementary. 
When equally luminous candles are held near each eye, the 
fcwo strips of paper will be white. If when the candle is held 
near the right eye, and the strips of paper are seen red and 
green, then on bringing the candle suddenly to the left eye, 
the left hand image of the paper will gradually change to 
green, and the right hand image to red. 

(178.J A singular affection of the retina, m reference to 
colors, is shown in the inability of fkxne eyes to distingui^ 
certain colors of the spectrom. The perscms who experience 
this defect have their eyes generally in a sound state, and are 
capable of per^rming all the most delicate functions of visloiL 
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Mr. Harris, a shoemaker at Allonby, was unable from his m- 
hncy to distinguish the cherries of a cherry-tree fixMn its 
leaves, in so far as color was concerned. Two of his brothers 
were equally defective in this respect, and always mistook 
orange fer erass green^ and light green for yellow, Harris 
himself could only distinguish black and white. Mr. Scott, 
who describes his own case in the Philosophical Transactions, 
mistook ptnA for a pale 6/ice, and a full red for a full green. 

All kinds of yellows and blues, except sky blue, be could 
discern with great nicety. His father, his maternal uncle, 
one of his sisters, and her two sons, had all the same defect 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the solar spcctram as consisting' only of yel* 
hw and light blue ; and he could distinguish with certamty 
only yeUoWy tDhite, and green. He regarded indigo and Prus- 
sian blue as black. 

Mr. R. Tucker describes the colors at the spectrum as fi^ 
lows: — 



Red mistaken for Brown. 

Orange .... Green. 

Yellow sometimes Orange. 

Green .... Orange. 



Blue sometimes Fink. 
Indigo ... Purple. 
Violet - - - Purple. 



A gentleman in the prime of life, whose case I had occasion 
to examine, saw only two colors in the spectrum, viz. yellow 
and blue. When the middle of the red space was i^MCMrbed 
by a blue glass, he saw the black space, with what he called 
the yellow, on each side of it This defect in the perception 
of color was experienced by the late Mr. Dugald Stewart, 
who could not perceive any difl^rence in the color of the scar* 
let fruit of the Siberian crab and that of its leaves. Ml 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solar spectrum the red is Scarcely visible, the rest ci it 
appeariuj? to consist of two colors. Mr. Troughton has the 
same defoct, and is capable of fully appreciating only blue and 
yellow colors ; and when he names colors, the names of blue 
and yellow correspond to the more and less refrangible rays, 
all those which belong to the former exciting the sensation of 
blueness, and those whidi belong to the latter the sensation of 
yellowness. 

In almost all these cases, tlie different prismatic colors have 
the power of exciting the sensation of light, and giving^ a dis- 
tinct visk>n of objects, excepting in the case of Mr. Dalton, 
who is said to be scarcely able to see the red extremity of the 
^)ectrum. 

Mr. Dalton has endeavored to explain this pecnliarity of 
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'^sion by supposing that in his^wn case the vitreous ftumor is 
blue, and, therefore, absorbs a great portion of the red rays 
and other least refrangible rays ; but mis opinion is, we think, 
pot well founded. Mr. Herschel attributes this state of vision 
to a defect in the sensorium, by which it is rendered imonpable 
at appreciating exactly those differences between rays oo 
whidi their color depends.'*' 



PART IV. 



ON OPTICAL INSTRUMENTS. 

Aix the optical instruments now in use have, with the ex- 
ception of the burning mirrors of Archimedes, been invented 
by modem philosophers and opticians. The principles upon 
which most of them have been constructed have already been 
explained, in the preceding chapters, and we diall therefore 
confine ourselves, as much as possible, to a general account of 
tiieir construction and properties. 

CHAP. XXXVIL 

t>N FLAME AND CURVED MIRRORS. 

(179.) One of the simplest optical instruments is the single 
plane mirror, or looking-glass, which coneusts of a plate of 
glass with parallel sur&ces, one of which is covered with tin- 
mil and quickmlver. The glass performs no other part in this 
kind of plane mirsor than that of holding and giwiug a polished 
surface to the thin bright film of metal which is extended over 
it. If the surfaces of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
eeen obliquely ; but even when the surfaces are parallel, two 
images of an object are formed, one reflected from the first 
sur&ce of glass, and the other from £he posterior surface of 
metal ; and the distance of these images will increase with 
the thickness of the glass. The image reflected from the 
glass is, however, very faint compared with the other ; so that 
m ordinary purposes a plane glass mirror is suificiently ac- 
curate; but when a plane mirror forms a part of an optical 

* For tbe theory recently adTaoced by Sir David Brewster to explaia 
tlbese cases, see Note IX. of Aui. ed. 
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infltnmietit where accoTacy of vision is required, it niDSt be 
made of steel, or silver, or of a mistare of copper and tin ; 
and in this case it is called a speculum. The formation of 
images by mirrors and specula has been fully described in 

Chap. n. 

Kaleidoscope* 

(180.) When two plane mirrors are combmed in a particu- 
lar manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute the 
kaleidoscope^ or instrument fot creating and exhibiting 
beautiful forms. If A C, B C, for example, be sections of two 
plane mirrors, and M N an object placed between them or in 
j!^^. 143. front of each, the mirror A C will form 

behind it an im^e m n of the object M N* 
in the manner shown in fig. 16. In like 
manner, the mirror B C will ferm an 
image M' N' behind it But, as we have 
formerly shown, these images may be caa" 
sidered as new objects^ and therefore the 
mirror A C will form behind it an image, 
M" N", of the ol^t or image M' N', and 
B C will form behind it an image, m' n'^ of the ol^ect or image 
m 71. • In like manner it will be found that m" n" will be the 
image of the object or image M'' N", formed by B C, and of 
the object or image m' n', formed by A C. Hence m" n" will 
actually consist of two images overlapping each other and 
forming one, provided the angle A C B ra exactly 60°, or the 
sixtib part of a circumference of 360°. In this case all the 
six iraa^ (two of the six forming only one, m"n",) will, 
along With the original object, M N, form a perteet equilateral 
triangla The object, M N, is drawn pei^ndicular to the 
mirror B C, in consequence of which M N and M' N' form 
one straight line ; but if M N is moved, all die images will 
move, and the figure of all the images combined will form 
iHaother figure pf perfect regularity, and exhibiting the most 
beautiful variations, all of which may be drawn by the methods 
already described. In reference to th^ multiplication and ar- 
rangement of the images, this is the principle of the kaleido- 
scope ; but the principle of S3ni)metry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood from^^. 144., where ACE 
and B C E represent the two mirrors inclined at an angle 
A C B, and having C E for their line of junction, or common 
intersection. If the object is placed at a distance, as at M N, 
then there is no position of the eye at or above E which will 
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give a symiae&ical arrangement of the dx iTo6tgeB shown in 
/ig-. 143. ; fcr the corresponding parts of Uie one will never 

Fig. 144 
JVC 




join the corresponding parts of the other. As the object it 
brought nearer and nearer, the qrmmetry jncreases, and is 
most complete when the object M N is quite close to A B C, 
the ends of the reflectors. But even here it will not be per- 
fect, unless the eye is' placed as near as possible te E, the line 
of junction of the reflectors. The following, therefore, are the 
three conditions of symmetry in the kaleidoscope : — 

1. That the reflectors should be placed at an angle which 
is an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 

y rors ; or an even aliquot part of a circle, when the object is 
irregular. 

2. That out of an infinite number of positions for Ihe object 
both within and without the reflectors, there is cmly one posi- 
tion where perfect symmetry can be obtained, namely, by 
placing the c^ject 'mnsontact with the ends of the reflectors, or 
oetween them. 

3. That out of an in&iite number of portions for the situo' 
Uen of the eye, there is only one where the symmetry is per- 
fect, namely, as near as possible to the angular point, so that 
the whole of the circular field can be distinctly seen ; and thi^ 
point is the only one at which the uniformity oi the reflected 
light is .greatest 

In order to give variety to th^ figures formed by the instru- 
ment, the objects, consisting of pieces (^colored glass, twisted 
gUsB of various curvatures, &c., are placed in a narrow cell 
between two circular pieces of ^lass, leaving them just room 
to move about, while this cell is turned roimd by the hand. 
Th^ pictures thus presented to the eye are beyond all descrip- 
tion splendid and beautiful ; an endless variety of symmetrical 
combinations presenting themselves to view, and never again 
recurring with the same form and color. 

For the purpose of extending the power of the instrument, 
uid introducing into symmetrical pictures external objects, 
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whether animtte er hmiumate, I applied a eo^ex l^is^ L L^ 
/if, 144., by means of which an inverted ima^ of a distant 
object, M N, may be formed at the very extremity of the mir- 
lors, and thererore brought into a position of greater sym- 
metry than can be efibcted in any other way. In this construc- 
tion the lens is placed in one tube and the reflectors in an- 
other ; 80 that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animsds^ 
pictures, busts, may be introduced into symmetrical combina- 
tions. When the distance £ B is less than that at which the 
eye sees objects distinctly, it is necessary to place a convex 
lens at E), to give distinct vision of the objects in the picture:. 
Bee my TVco/iae an the Kaleidoscope, 

PlaiyR burning Mirrors 

(181.) A combination of fdane homing mirrors forms a pow- 
erful burning instrument; and it is hij^ly probaUe that it Was 
with such a combination that ^rehiue^es destroyed the ships 
€i Mareellus. Athanasius Kinsi^er^ who first proved the e^ 
cacy of a union of plane mirrors, went with his pupil Scheiner 
to Syracuse, to examine the positioii of the hostile fleet ; and 
they were both satisfied that the ships of Mareellus could not 
have been more than thirtf^ paces distant firom Archimedes. 

Bufibn constructed a borniBg apparatus upon this principle, 
which may be easily explained, if we re^t the li^t of the 
fun upon one cheek hf a smdll piece of plaoe loc^mg^g^Ke, 
we shall experience a sensation of heat less than ii the direel 
light of the sun fell upon it If with the ether hand we re- 
flect the sun's light upon the same cheek with another pieee 
of mirror, the warmth will be increased, attd so on, till with 
five or six pieces we can no tonger endure the heat^ Bolbn 
combined 166 pieces of mhrror, 3 iiM^raabf 8, so that he could, 
by a little mechanism connected with each, cause them to 
re^ct the light of the sun upoii one spcL Those pieces of 
glass were selected which gave the smaltest image g£ the mm 
at2oafeet 

The fdlowtng were the effects produced by different buoi- 
bers of these mirrors:'-*- 

Bflbet piodaeedt 

Small combustibles inflamed. 
Beech plank burned. 
Tarred beech plank inflamed. 
Pewter flask 61b. weight melted. 
Tarred and sulphured plank set on fira 
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Plank covered with wool set on fire. 
Some thin pieces of silver melted. 
Tarred fir plank set on fire. 
Beech plank sulphured inflamed violently. 
Tarred plank smoked violently. 

i Chips of fir deal sulphured and mixed with 
charcoal set on fire. 
Plates of silver melted. 

As it is difiSicult to adjust the mirrors while the son change! 
his piace, M. Peyrard proposes to produce great effects by 
mounting each mirror in a separate frame, carrying a tele- 
scope, by means of which one person can direct the reflected 
rays to the object which is to be burned. He conceives that 
with 590 glasses, about 20 inches in diameter, he could reduce 
a fleet to ashes at the distance of a quarter of a league, and 
with glasses of double that size at the distance of half a 
league. 

jrlane glass mirrors have been combined permanently into a 
parabolic form, for the purpose Gt burning objects placed in 
the focus of the parabola, by the sun's rays; and the same 
combination has been used, and is still in use, for lighthouse 
reflectors, the light being placed in the focus of the parabola^ 

Convex and Concave Mirrors, 

(182.) The general properties of convex and concave mir- 
rors have been already described in Chap. XL Convex mirrors 
are used principally as household ornaments, and are charac- 
terized by their property of forming erect and diminished 
images of all objects placed before them, and these images ap- 
pear to be situated behind the mirror. 

Concave mirrors are distinguished by their property of 
forming in firont of them, and in the air, inverted images of 
erect objects, or ereqt images of inverted objects, placed at 
some distance beyond their principal focu& If a fine trans- 
parent cloud of blue smoke is raised, by means of a chafing- 
dish, around the focus of a large concave mirror, the ima^ of 
any highly illuminated object will be depicted, in the middle 
of it, with great berfuty. A skull concealed from the observer 
is sometimes used, to surprise the ignorant; and when a disli 
of fruit has been depicted in a similar manner, a spectator, 
stretching out his hand to seize it, is met with the image of a 
drawn d^ger, which has been quickly substituted for the fruit 
at the other conjugate focus of the mirror 
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CoDOftVQ mimra have been tund u li^btboom reflecton^ 
and u borniiw iiutrunientB. When used m li^tbouses, thejr 
an Ibrniad oTpliteB of copper plated nith suver, uid tlHiv 
aro hammered into a parabolic form, and then polished wiui 
the baud. A lamp placed in the focus c^ the parabola vill 
bava its divei^nt light thrown, after reflexion, into sametbiiig 
like B parallel beani, which will retain its intensi^ at a great 
diltaoce. 

When ctmcave mirrors are used for burning, they are gea^ 

rally made iphari"' — ' '~' ' —' --'--'--' 

I tool, like t&e B] 
hWedof these w 
euted five large o] 
■iited of comer and tin, was verjr nearly four feet in diameter, 
and its focal length thirty-eight locbea. It melted a piece of 
Pmnpey'i pillar in fifty Beconda,'a silver siipence in seven 
Mconds and a half, a iiairpenny in sixteen seconder caM-iroo 
in nxteen seconds, slata in three seconds, and thin tile in four 

Cylindrical Mimrt 
(183.) All objects seen by refleicion in a cylindrical mimr 
an necassarily distorted. If an observer looks into such r 
mirror with its axis standing vertically, he will see the imai|e 
of his he«d of the same length as the original, becaose tSe 
■ar&ce of the minor is a straight line in a vertical direction. 
The breadth at the foce will to greatly contracted m a hori- 
sootal diractioit because the wiJMe is very ctmvex in that 

Fir- 1*5. 
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directbn, and in intermediate directions the head will ha?e 
intermediate breadths. If the axis of the mirror is held hori- 
zontally, the face will be as broad as life, and exceedingly 
short If a picture or portrait M N is laid down horizonUulv 
before the mirror A B,fig. 145., the reflected image of it wiU 
be highly distorted ; but the picture may be drawn distorted 
accoraing to regular laws, so that its image shall have the 
most correct proportions 

Cylindrical mirrors, which are now very uncommon, used 
to be made for this purpose, and were accompanied with a 
series of distorted figures, which, when seen by the eye, have 
neither shape nor meaning, but when laid down before a cylin^ 
drical mirror, the reflected image of them has the most per- 
fect proportions. This effect is shown in fig, 145., whei^ 
M N is a distorted figure, whose image in the mirror A B J^ 
the appearance of a regular portrait 



CHAP, xxxvm. 

on SINOUS JOCD OOMTOVSP UFMSES 

Spbotaclbs and reading glasses are among the simplest aivi 
most oseful of optical instruments. In order to enable a pCT- 
0on who has imperfect vision to see small objects distinctly, 
when they are not flu: from the eye, such as small manuscri^ 
or small type, a convex lens of very short focus must be useid 
both by those who are long and short sighted. 

When a short-sighted person, who cannot see well at a dis- 
tance, wishes to have distmct vision at any particular distance, 
he must use a concave lens, whose focal length will be founcl 
thus, — Multiply the distance at which he sees objects most 
distinctly by the distance at which he wishes to see them dis- 
tinctly with a concave lens, and divide this product by the 
difference of the above distances. 

A long-sighted person, who cannot see near objects distinctly, 
must use a convex lens, whose focal length is found by the 
preceding rule. 

In choosing spectacles, however, the best way is to select, 
ont of a number, those which are found to answer best the 
purposes for which they are particularly intended. 

I3r. Wollaston introduced a new kind of spectacles, called 
^eri«copie, from their property of giving a wider field of dis- 
tinct visiim than the common ones. The lenses used for this 
purpose, as shown at H and I, fig, 19., are meniacuses, iQ 
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which the convexity predominates, for long-sighted persons, 
and c(»ioavo-conTex lenses, in which the concavity predomi- 
nates, for shcMTt-sighted persona Periscopic spectacles de- 
cidedly give more imperfect vision than common spectacles, 
because they increase both the aberration of figure and of 
eolor; but they may be of use in a crowded city, in warning 
us of the oblique approach of objecta 

Burning and Illuminating Lenses, 

(184.^ Convex lenses possess peculiar advantages fi)r con 
centratmg the sun's rays, and for conveying to an immense 
distance a condensed and parallel beam of Tight M. Bufibn 
found that a convex lens, with a long focal leii^th, was prefer- 
Me to one of a short focal length for fusing metals by the 
concentration of the sun's ra3rs. "A lens, for example, 32 
inches in diameter and 6 inches in focal length, with the di- 
ameter of its focus 8 Ikies, melted copper in less than a 
minute; while a small lens 32 lines in diameter, with a focal 
length of 6 lines, and its focus J of a line, was scarcely capa- 
ble of heating copper. 

The most perfect homing lens ever constructed was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of 7002. 
It was mftde of flint glasS) was three feet in diameter, and 
weighed 212 pound& It was 2^ inches thick at the centre ; 
the focal distance was 6 feet 8 inches, and the diameter of the 
ima^ of the sun in its focus one inch. The rays refracted 

Sr me lens were received on a second lens, in whose focus the 
jects to be fused were placed. This second lens had an ex- 
posed diameter of 13 inches ; its central thickness was 1{ of 
an inch ; the length of its focus was 29 inches. The diameter 
of the focal image was | of an inch. Its weight was 21 
pounds. The combined focal length of the two lenses was 5 
leet 3 inches, and the diameter of the focal image 4 an inch. 
By means of this powerful burning lens, platinum, gold, silver, 
copper, tin, quartz, agate, jasper, flint, topaz, garnet, asbestos, 
&c. were melted in a few seconda 

Various causes have prevented philosophers from construct- 
ing burning lenses of greater ma^itude than that made by 
Mr, Parker. The impossibility of procuring pure flint glass 
tolerably free from veins and impurities for a large solid lens ; 
the trouble and exj>ense of casting it into a lenticular form 
without flaws and impurities ; the great increase of central 
thickness which becomes necessary by increasing the diameter 
of the lens ; the enormous obstruction that is thus opposed to 
the trani^mission of the solar rays, and the increased abe^ 
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ntkm which dissipates the rays at the focal point, are insuper- 
able obstacles to the construction of solid lenses of any con- 
jBiderable size. 

(1850 ^ order to improve a solid lens formed of one pie<?e 

of glass, whose section is A m j) B E D A, Buffon proposed to 

cut out all the glass left white in the figure, viz. me portions 

between m p^fig. 146., and n o, and between n o and the left 

Fig. 146. ^^^ surface of D E. A lens thus constructed would 

' * be incomparably superior to the solid one A m|> B £ 

'^ D A ; but such a process we conceive to be imprac- 

.fft Aq ticable on a large scale, from the extreme difficulty 

^\ of polishing the surfaces Am, B|>, Cn, Fo, and 

IP the left hand surfiice of D E ; and even if it were 

practicable, the greatest imperfections in the glastf 

might happen to occur in the parts which are left. 

Li order to remove these unperfections, and ^ 
construct leiises of any size, I proposed, in 1811, to 
build them up of separate zones or rings, each of 
which rin^ was again to be composed of separate 
aegtnents, as shown m the front view of the lens in fig, 147. 
'This lens is composed of one central lens, ABC D, corre- 
sponding with its section P E in fig. 146., of a middle ring 

G E L I corresponding to C D E F in 
fig. 146., and consisting of five seg- 
ments ; and another rin^ N PR T, 
corresponding to A C F B, and con- 
sisting of eight segments. 

The preceding construction obvi- 
ously puts it in our power to execute 
these compound lenses, to which I 
have given the name of polyzonal 
lenses, of pure flint glass free from 
veins ; but it possesses another great 
advantage, naa)ety» .that of enabling 
98 to correct, very nearly, the spherical aberration, by inaking 
the foci of each zone coincide. 

One of these lenses was constructed, under* my direction* 
for tbe Commissioners of Northern Lighthouses, by Messrs. 
W. and P. Gilbert It was made of pure flint glass, was 
three feet in diameter, and consisted of many zones and seg- 
ments. Lenses of tliis kind have been made in France of 
crown glass, and have- been introduced into the principal 
French lighthouses; a purpose to which they are mfinitely 
better adapted than the best constructed parabolic reflectors 
made of metaL 

A pcdy zonal lens of at least /<n<r feet in diameter, will be 
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medily executed as a burning^glassy and wiU, no doubt, be 
the most powerful ever made. The means of executing: it 
have been, to a considerable dq^ree, supplied by the scientific 
liberality of Mr. Swinton and !£. Calder, and other gentlemen 
of Calcutta. 



CHAP. XXXDC 

ON SIMPIJB Aim OOMFOUnD PBISMS. 

Prismatic Lenses* 

ri86.) The general properties of the prism in re&actiflg 
and decomposing light nave already been explained ; but its 
application as an optical instrument, or as an important part of 
optical instruments, remains to be described. 

A rectangular prism, ABC, fig, 148., was first applied by 
Sir Isaac Newton as a plane mirror for reflecting to a side the 
rays which form the miage in reflecting telescopes. The 




angles, B A C, B C A, being each 45^, and B a right angle, 
rays falling on the &ce A B will be reflected by the back sor- 
ikce B C as if it were a plane metallic mirror; for whatever 
be the refraction which they su^r at their entrance into the 
face A B, they will suffer an equal and opposite one at the 
face B C. The great value of such a mirror is, that as the 
incident rays &11 upon A C at an angle greater than that at 
which total reflexion commences, they uml all suffer total re- 
flexion, and not a ray will be lost ; whereas in the best me- 
tallic speculum nearly half the light is lost A porticm of 
light, however, is lost by reflexion at the two surfaces A B, 
B, C, and a small portion by the absorption of the glass itself 
^ Isaac Newt<m also proposed the convex prism, shown at 



OBAP* XXXIX. <m FKI8MATIC LXK«E9. 271 

D E F, the faces D F, F £ being- ground convex. An aoalo- 
firous prism, called the meniscus prism, and ^wn at G H I, 
has been used by M. Chevalier, of Paris, for the camera ob- 
scura. It differs only from Newton's in the second &ce, I H, 
being concave in place of convex. 

On account of the difficult execution of these prisms, I have 
proposed to use a hemispherical lens, L M N, the two convex 
surfaces of which are ground at the same time. When a 
longer focus is required, a concave lens, R Q, of a longer focus 
than the hemisphere P R Q, may be placed or cemented on 
its lower sur&ce, and if the concave lens is formed out of a 
substance of a different dispersive power, it may be made to 
correct the color of the convex lens. 

A single prism is used with peculiar advantage for inverting 
pencils of light, or for obtaining an erect ima^e from penclS 
that would give an inverted one. This effect is shown in Jiff, 
149.> where A B C is a rectangular prism, and R R' R" a par- 
allel pencil of light, which, after being refracted at the pconta 




1, 2, 3, of the &ce A B, and reflected at the pomts a, b, c, of 
the base B C, will be again refracted at the points 1, 2, 3, of 
the face A C, and move on in parallel lines, 2r", 2r'jlr; the 
ray R I, that was uppermost, being now undermost, as at 1 r. 

Compound and Variable Prisms, 

(187.) The great difficulty of obtaining glass sufficienUjr 
pure for a prism of any size, has rendered it extremely dim- 
.cult to procure good ones; and they have therefore not been 
introduced as they would otherwise have been into optical in- 
struments. The principle upon which polyzonal lenses are 
constructed is equally applicable to prisma A prism con- 
structed like A D,^^. 150., if properly executed, would have 
exactly the same properties as A B U, and would be incom- 
parably superior to it, from the light passing through such a 
small thickness ofglass. It would obviously be difficult to eape- 
cute such a prism as A D out of a single piece of glass, though 
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itiiqatte jnettabh; but there is do difficnltv ia combiDiiv 
■ix HUftll prJBnu til cut out ^'ooe prianfttic ro^ utd thereixQ 




necemrilj similftr. The summit of the rod should have • 
flat nuTow fkce parallel ta ita bnae, which would be euHj 
done if the prismatic rod were cut oat of a plate of thick par- 
allel glai«. The separate prisms being cemented to one an- 
ather, as in the fi^re, will tbnn a componnd prism, which 
will bo superior to the commtn piian fiv all purposes in which 
it acts 9olel}F by refracticsi. 

(1S8.) A ccmpound prism of a different kind, and having a 
TUiable anglet was proposed by Boscovich, as shown in Ji^. 
151., whare A B C is a hemispherical convex lens, moriog m 
■ concave lens, DEC, of the eeme cmrature. By tnmiiig 
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bees AB,D£,orAB,C£, may be made to vaiy from 0° to 
above 90". 
(189.) As thia apparatus is both troubiesome tc 

e prisni, bj 
, riments on the dispersive pow- 
ers of bodies. If we produce a vertical line of light by neatly 
closing the window-shuttcra, and view the line ' "' ' 



T parallel to the line (^ 
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light, the luminoas line will be seen as a brightly colored 
epectrum, and any small portion of it will resemble almost ex- 
actly the solar spectrum. If we now turn the prism in the 
plane of one of its refracting faces, so that the inclination of 
the edge to the line of light increases gradually from 0^ up to 
90^ when it is perpendicular to the line of light, the spectrum 
will gradually grow less and less colored, exactly as if it were 
fixrmeid by a prism <^a less and less refracting angle, tin at an 
inclination of 90^ not a trace of color is left. By this simple 
process, therefore, namely, by using a line of light instead of 
a circular disc, we have produced the very same efifect as if 
the refracting angle of the prism had been varied from 90^ 
down to(K*. 

(190.) Let it now be required to determine the relative dic^ 
persive powers of flint glass and crown glass. Pla^e the 
crown glass prism so as to produce the largest spectrum from 
the line of white light, and let the refrturting angle of the 
prism be 40°, Then place the flint glass prism tetween it 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown glass prism, or till the 
line of light is perfectly colorlesa The inclination of the 
edge of the flint glass prism to the line of light beii^ kiiown, 
we can easily find, by a simple formula the angle u^a prism 
of flint glass which corrects the color of a prism of crown 

flass with a refracting angle of 40^. See my Treatise on 
^ew Philosophical Instruments^ p. 291. 

Multiplying Glass. 

(191.^ This lens is more amusing than useful, and is intend- 
ed to give a number of images of the same object Though 
it has the circular form of a lens, it is nothing more than a 
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number of prisms formed by grinding various flat iaces on tlie 
convex suriace of a plano-convex glass, as shown in Jig, ISSi,, 
where A B is the section of a multiplying glass in which onl^ 
three of the planes are seen. A direct image of the object 
C will be seen through the face G H, by the eye at £ ; an- 
other image will be seen at D, by the refraction ci the Ikce 
H B, and a third at F, by the refraction of the &ce A G, an 
image being seen through evei^ plane &ce that is cut jupon 
the lens. The image at C will be colorless, and all those 
formed by planes inclined to A B will be colored in proportioo 
to the anffles which the planes form with A R 

Natunu multiplying glasses may be found among trans- 
parent minerals which are crossed With veins oppositely crys- 
tallized, even though they are ground into plates with parallel 
faces. In some specimens of Iceland spar more than a hun> 
dred finely colored images may be seen at once. The theory 
of such multiplying guuases has already been explained in 
Chap; XXIX. 



CHAP. XL. 

ON THB OAXE&A. OBSOCRA, MAGIC LAHTKRH, Ain> 

CAMERA LUCIPA. 

(192.) The camera obscura, or dark chamber^ is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista Pcnrta. In its original stale it is nothings 
more than a dark room with an opening in the window^hutter, 
in whkh is placed a convex lens of one or more feet focal 
len^. If a sheet of white paper is held perpendicular\v b€>- 
hind the lens, and passing through its focus, there will /be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will appear to 
move in the wind, and all living objects to display the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every person, however often they may have seen it 
The image is of course inverted, but if we look over the top 
of the paper it will be seen as if it were erect The ground 
on which the picture is received should be hollow, and part of 
a sphere whose radius is the focal distance of the convex lensL 
It IS customary, therefore, to make it of the whitest plaster ol: 
Paris, with as smooth and accurate a sur&ce as possible. 

In order to exhibit the picture to several spectators at oncei 
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and to enable any person to copv it, it ia desirable tbat the 
image should be fi>nned upon a horizontal table. This may 
be done by means of a metallic mirror, placed at an angle of 
45^ to the refracted rays, which will reflect the picture upon 
the white ground lying horizontally; or, as in the portable 
camera ob^ura, it may be reflected upwards by the mirror, 
and received on the lower side of a plate of ground glass, with 
its rough side uppermost, upon which the picture may t>e 
copied with a fine sharp-pointed penciL 

A very convenient portable camera obecura for drawing 
landscapes or other objects is shown in Jig, 153., where A S 
is a meniscus len% wim its concave side uppermost, and the 
n^. 153. radius of its convex mirhce being 

to the radius of its concave sur- 

^^^t' fece as 5 to 8, and C D a plane 

'j^f^ metallic speculum inclined at an 

^^'^'"'^ '^^SnS angle of 45^ to the horizon, so as 

to reflect the landscape downwards 
through the lens A R The 
drau^tsman introduces his head 
through an opening in one side, 
and his hand with the pencil 
through another opening, made in 
such a manner as to allow no light 
to fall upon the picture vdiich is 
exhibited on the paper at £ F, 
The tube containing the mirror 
and lens can be turned round by a 
rod within, and the inclination of the mirror changed, so as to 
introduce objects in any part of the horizon. 

When the camera is intended for public exfaibitioh, it con- 
flists of the same parts similarly arranged ; but the^ are in 
this case plac^ on the top of a building, and the rotation of 
the mirror, and its motnni in a vertical plane, are effected by 
turning two rods within the reach of the spectator, so that he 
can introduce any object into the picture from all points of the 
compass and at all distance& The picture is received on a 
table, whose surfkce is made of stucco, and of the same radius 
as the lens, and this surface is made to rise and fall to accom- 
modate it to the change of focus produced by objects at di^ 
ferent distances. A camera obscura which throws the image 
down upon a horizontal sttr&ce may be made without any 
mirror, by using any of the lenticular prisms D £ F, G H ^ 
M L N, when the olgects are extremely near, and P R Q, JS^« 
148. The convex surfiKes of these prisms converge the rm 
wtddi are reflected to their fbcus by the flat fi^ces D £, G H^ 
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LN, and VQ,; these lenticular priama maj be fiwiued l^ce- 
meoting plano-ccHivex or concave leases on Are ftcea A B, BC 
of the recttmgulu priam A B C, or the conves lent nay be 
[daeed dmt to A B. 

If we wish to fiiita ao eAct image an a vertical plaoe, the 
pnem ABC, fie. 148., maf be placed in front of the coovex 
fen^ or immediately behiod it. The Eame effect might be 
produced by lAree Teflexioua from three mirrors or ^lecula. 

I have E>und that a peculiarfy brilliant efibct is given to the 
imsg«a fbnned in the camera obecura when they are received 
upon tiie silvered back of a lookina^glaas, smoothed by gcind- 
ing it with a flat and soft hone. In the portable camera ob- 
■cura I find that a film of Hkimmed milk, dried upon a-plate of 
glass, is superior to around glaas for the reception of images. 

A modification of the camera obecuia, call^ the megascope, 
ii intended fiir taking magnified drawings of soiall objects 
placed near the lens. In this case, the disDuice of the image 
twhind the lens ia greater than the distance of the object b»> 
fiire iL By altering the distance of the object, the size of the 
image may be reduced or ealajged. The hemispherical leu 
L lSti,fig. 148., is porticalarly adapted &r the mE^ascope. 

Magic Lqntem. 

(lOS.) The magic lantern, an invention of Kircher, ii 

diown mj^. 154., where L is a tainp witk a powcrfiil Argand 

burner, juaced in a dark lantern. Ononeaide wT the lanleiB , 



is B concave mirror M N, tlie vertejt of which is oppo^te to 
the centre of the flame, which ia pl«^^ed in its tbcus. In tlM 
eppomte aide of the lantern infixed a tube A B, containing » 
Mmiapherical illnmioating len^A, and acoivex iensB; M 
tween A and B the diameter of the tube ia increased for tha 
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purpose of allowing sliders to be introduced throagh the sJit 
G D. These sliders contain 4 or 5 pictures, each painted and 
highly colored with transparent varnishes, and, by sliding 
them through C D, any p[ tne subjects may be introduced into 
the axis of the tube and between the two lenses A, B. The 
light of the lamp L, increased by the light reflected from the 
mirror falling upon the lens A, is concentrated by it upon ^e 
picture in the slider ; and this picture, being in one of the 
conjugate foci of the lens B, an enlarged image of it will be 
paint^ on a white cloth, or on a screen of white paper, E, 
standing or suspended perpendicularly. The distance orthe 
lens B from the object or the slider may be increased or dimin- 
ished by pulling out or pushing in the tube B, so that a distinct 
picture of the object may be formed of any size and at any 
distance from B, within moderate limits. If the screen E F is 
made of fine semi-transparent silver paper, or fine muslin 
properly prepared, the image may be distinctly seen by a spec- 
tator on tiie other side of the screen. 

(194.) The phantasmagoria is nothing more than a magic 
lantern, in which the images are received on a transparent 
screen, which is fixed in view of the spectator. The magic 
lantern, mounted upon wheels, is made to recede from, or ap- 
proach to the screen ; the consequence of which is, thkt the 
picture on the screen expands to a gigantic sizeynor contracts 
mto an invisible object or mere luminous spot The lens B ia 
made to recede from the slider in C D when the lantern ap- 
proaches the s^een, and to approach to it when the lantern 
recedes from the screen, in order that the picture upon the 
screen may always be distinct This may be accomplished, 
according to Dr. Young, by jointed rods or levers, connected 
with the screen, which pull out or push in the tube B ; but 
we are of opinion that the required effect may be much more 
elegantly and efficaciously produced by the simplest piece of 
mechanism coqnected with the wheels. 

Camera Lui^ida. 

(195.) This instrument, invented by Dr. Wollaston in 1807, 
has come into veij general use lR>r drawing landscapes, de- 
lineating objects of natural history, and copymg and reducing 
drawings. 

Dr. WoUaston's form of the instrument is shown in Jig, 
155., where A B C D is a glass prism, the angle BAD being 
90«, A D C 67i°, and D C B 135^. The rays proceeding from . 
anjspbject, M N, after being reflected by the fiices D C, C B 
.0 the eye, E, placed above the angle B, the observer will see 
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angle B, w thit it st the sanie time tees lotn the priEm witli 
on«-half of the pQpil, and put the angle B with the other hal( 
it will obtain distinct viaw of the imafre m n, and also see tin 
fNtper lad the point of the pencil. The dTaughtstnan baa, 
therctbre, only lo trace Ihe outline of the linage upon the 
paper, the image being Been with half rf the pupil, and lh» 
p«per and pencil with the other half. 

Uaaj persona have acquired the art of using' this instni- 
roent with great ftcilit;, while others have entirely &i]ed. In 
examining the cauaea of thb ftilnre, profesor Amict, of Uo- 
dena, aocceeded in removing them, and has proposed varioni 
ttmm irf' the inBtrament free from the defects of Dr. Wollu- 
tni'a.* The oao which M. Amici tbyika the best is ahown it 
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fig. 156., where A B C D is a piece of thick parallel glaa^ 
F G H G a metallic mirror, whose fiice, F G, is highly palif6- 
ed, and inclined 45^ to B G. Rays from an object, M N,* ailor 
passing through the glass A B C D, are reiected firom F G, 
and aroerwards from the &ce B G of the glass plate to the eye 
at E, by which the object, M N, is seen at m n, where the 
paper is placed. ' The pencil and the paper are readily seen 
through the plane glass A B G D. In oider to make the two 
faces of the glass, AD, B G, perfectly parallel, M. Amici 
forms a triangular prism of glass, and cuts it through the 
middle ; he then joins the two prisms or halves, A D G, G A B, 
80 as t0 form a* parallel plate, and by slightly turning round 
the prisms, he can easily find the position in which the two 
fiices are perfectly paralleL 



CHAP. XLL 

ON MIOROSOQPBaL 

A laoROSoopB is an optical instrument for magnifying and 
examining minute objects. Jansen and Drebell are supposed 
to have sepatately Invented the single microscope, and Fon- 
tana and Galileo seem to have been the first who constructed 
the instrument in its compound form. 

Single Microscope, 

(196.) The single microscope is nothing more than a lens 
or s(^ere of any transparent substance, in the focus of which 
minute objects are placed.. The rays which issue from each 
point of the object are refracted by the lens into parallel rays, 
which, entering the eye placed immediately behmd the lens, 
af&rd distinct vision of the object The magnifyinsr power 
of all such microscopes is equal to the distance at which we 
could examine the object most distinctly, divided by the focal 
len^h of the lens or sphere. If this distance is 5 inches^ 
which it does not exceed in good eyes when they examine mi- 
nute objects, then the magnifying power of each lens will be 
as follows : — 

Iteal length la Uaeu wataltfiat 9»put*Mt nnKnUyias 

laohw. power. power. 

6 1 1 

1 5 25 

tV 50 2500 

T^ 5p0 260000 • 
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The Bmot magnifying power is the number of times an 
object is magnified in length, and the superficial magnifying 
power is the number of times that it is magnified in surface. 
If the object is a small square, then a lens of one inch fix;as 
will magnify the side c^ the square 5 times, and its area or 
florfacQ 25 timf s. 

The best single microscopes aie minute lenses ground and 
polished on a concave tool ; but as the perfect execution of 
these requires considerable skill, small spheres have been often 
constructed as substitute& Dr. Hooke executed these spheres 
in the following manner : having drawn out a thin strip of 
window-glass into threads by the flame of a lamp, he held one 
of Cheflp threads with its extremity in or near the flame, till it 
ran into a globule. The globule was then cut ofl^ and placed 
above a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glass. He sometimes ground off the end of the 
thread, and polished that part of the sphere. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcined tripoli, and remeldng them 
with the blowpipe ; the consequence of .which was, that they 
assumed a perfectly spherical form. Mr. Butterficld executed 
similar spheres bv taxing ppon the wetted point of a needle 
some finely pounded gla^ and melting it by a spirit lamp into 
a globule. If the part next the needle was not meltea, the 
globule was removed from the needle and taken up with the 
wetted needle on its round side, and again presented to the 
flame till it was a perfect sphere. M. Sivright, of Meggetland, 
kis made lenses by putting pieces of glass in small round 
apertures between the 10th and 20th of an inch, made in pla- 
tinum leaf They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made globules for microscopes by insert- 
ing drops of water m small apertures. I have made them in 
the same way with oils and varnishes ; but the finest of all 
single microscopes mav be executed by forming minute plano- 
convex lenses upon glass with different fluids. I have also 
formed excellent microscopes by using the spherical crystal- 
line lenses of minnows and other small fish, and taking care 
that the axis of the lens is the axis of vision, or that the ob* 
server looks through the lens in the same manner that the fish 
did* ■ 

The most perfect single microscopes ever executed of solid 
substances are those rosde of the gems, such as garnet^ ruby 

Bee EAinhurgk Jonmai ^ Seienee, No. III. p. 98. 
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sapphire, and diamond. Tbe advantages of euch lenies I firat ' 
pointed out in mj TreaHte on Pkilotofftical hulntmentt ; 
and two lenses, one of ruby and anolher of garnel, were ^le- 
CQted for r.ie by Mr Peter Hill, optician in Edinbui^li. These 
lenses performed admirably, in consequence of their producinf , 
with sur&cea of inferior curvature, the same ^magnifying 
power as a glass lans ; and the distinctness of the image was 
increased by their absorbinj! the extreme blue rays of the 
■pectriun. Mr. Pritcbard, <S London, has carried this branch 
of the art to the highest perfection, and has eiecoted lenses 
of sapphire and diamcHid of great power and perfection of 
worbraanGhip. 

When the diamond can be procured perfectly horoogeneMi* 
and free from double refraction, it may be wrought into a leu 
of the highest excellence ; but the sapphire, which has double 
refraction, is lees fitted tor this purpose. Garnet is decidedly 
tiie beet material for single lenses, as it has no double refivc- 
tkin, and may be procured, with a little attentiui, perfectly 
pore and bomogeneona, I bate now in my posseaston two 
garnet microscopes, ejiecuted by Mr. Adie, which &r surpass 
«ve^ solid lens I have seen. Their focal length is between 
the SOtb and the 50th of an inch. Mr. Veitch, of Inchbonny, 
has likewise executed some admirable garnet lenses out of a. 
Greenland qKcimen cf that mineral given to me by Sir Charles 
. Giesecke. 

(107.) A single microscope, which occurred to me some 

years ogot is shown iafig. 157., and consists in a new method 

of vting a hemiipherical laa m a* to obtain Jrom it twice 

J^. 197. 



T which it poiseuei when v*td in the 
trnnmon oat/. I^ A B C is a hemispherical lens, rays issuing 
from any object, R, will be retracted at the first sur&ce A C, 
and, atur total reSexion at the plane surface B C, will ha 
again refJracted at tbe aec<Hid sur&ce A B, and emerge in par* 
Y2 
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tllel directioDS d ef, ezactiy in the same manneT as if tiaej 
had not ISeea reflected at the points a, &, c, but had paiGed 
throuffh the other half B A' C of a perfect sphere A 6 A' C 
The ODJcct tt R will therefore be magnified in the same dud- 
ner, and will be seen with the eame distiDcCness as if it bad 
been seen thiough a ^here of gUae A it A' C. We obuin, 
caasequeatly, by this ctmtrivance, all tbe advantages of a 
spherical lens, which we believe never haa been executed by 
' grinding. The periscopic principle, which will presmtly 
be mentioned, may be communicated to this ealoptric leas, a» 
it may be called, by merely grmding ofi* the aaglea B C, or 
nough grinding an annular space on the plane surface B C. 
Tim cmfusion arising from the oblique refractions wDl thus 
be preventetU and the pencils from every part of the object- 
will &II symmetrically upon the lens, and be symmetriraily 
letncted. 

Before I had thoeght of this lens. Dr. Wdlaston had pro- 
posed a method of improving lenses, which is shown fa fig. 
fSg. 138. 1^- He introduced between two plano- 

convex lenEsa of equiU size and radium,! 
plate of metal with acircnlar aperture eqoal 
to jth of the local length, and when the 
aperture was well centered, he found that 
\ the visible -field was 20° in diameter. In 
compound lens the oblique pencils pan, 
/ like the central ones, at right angles lo the 
BurftcB. If we compare this lens with the 
ealoptric one above described, we shall see 
' that the efiect which is produced in the one 
case with two spherical and two plane sur&ccs, all ground 
separately, is produced in the other case by one spherical and 
one plane surface. 

(198.) The idea of Dr. Wollastoo may, however, be im- 
proved m other ways, by filling up the central aperture witb 
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a cement of the same refractive po^er as the lenses, or, what 
b far better, by taking a sphere of glass and grinding away 
the equatorial parts, so as to limit the central aperture, as 
shown in Jig, 159. ; a construction which, when e^fecuted in 
garnet, and used in homogeneous light, we conceive to be the 
most perfect of i^ lenses, either for single microscopes, or for 
the object lenses of compound ones. 

When a single microscope is used for opaque objects, the 
lens is placed within a concave silver speculum, which con- 
centrates parallel or converging rays upon the face of the ob- 
ject next the eye. 

Compound Microscopes, 

(199.) When a microscope consists of two or more lenses 
or specula, one of which forms an enlarged image of objects, 
while the rest magnify that image, it is called a compound 
microscope. The lenses, and the progress of the rays throuf h 
them in such an instrument, are shown in^^. 160., where ^ 
A B is the object glass, and C D the eye glass. An object," 

Fig, IGO. 




M N, placed a little farther from A B than its principal focus, 
will have an enlarged image of itself formed at m n in an in- 
verted position. If this enlarged image is in the focus of an- 
other lens, C D, placed nearer the eye than in the figure, it 
will be again magnified, as if m n were an object The mag- 
nifying effect of 3ie lens A B is found by dividing the distance 
of the image m n from the lens A B by the distance of the 
object from the same lens ; and the magnifying effect of the 
eye glass C D is found by the rule for single microscopes ; and 
these two numbers being multiplied together, will be the 
magnifying power of the compound microscope. Thus, if M A 
is ^th of an inch, A n, 5 inches, and C n ^ an inch, (m n being 
supposed in the focus of C D,) the effect of the lens A B wiD 
be 20, and that of C D 10, and the whole power 200. A larger 
lens than any of the other two, called the field glass, and 
shown at E F, is generally placed between A B and the image 
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tn n, for the purpose of enlarging the field of new. It baa 
the effect of diminishing the magnifying power of the instru- 
ment by ferming a smaller image at v % which is magnified 
by C D. , 

The ingenuity of philosophers and of artists has been nearly 
exhausted in devising the best forms of object glasses and of 
eye glasses for the compound microscope. Mr. Coddin^ton 
has recommended four lenses to ht* employed in the eye piece 
of compound microscopes, as shown in Jig, 161. ; and along 
with these he uses, as an object glass, the sphere excavated at 

Fig, 161. 




the equator, as in Jig, 150., for the purpose of reducing the 
aberration and dispersion. ♦* With a sphere," says he, " prop- 
erly cut away at the centre, so as to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
completely and most easily, as I have found in practice, the 
whole image is perfectly distinct, whatever extent of it be 
taken ; and the ludius c^ curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
the other at least diminished to one-half. Besides all this, 
another advantage appears in practice to attend this construc- 
tion, which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eye, which, having passed without deviation 
through a lens, is bent by the eye, the vision is never firee 
from the colored fringes produced by excentrical dispersion. 
Now, with the sphere I certainly do not perceive this defect, 
and I therefore conceive that if it were possible to make the 
spherical glass on a very minute scale, it would be the most 
perfect simple microscope, except, perhaps, Dr. WoUaston'g 
doublet * * * Now, th* sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re- 
quired extent, and that, when combined with a proper eye 
piece, it may without difficulty be employed for opaque ob- 
jects."* The difficulty of making the spherical glass on a 

♦ Cambridge Transactions, 1830l 
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very minute scale, which Mr. Coddingtoo here mentions, and 
which is by no means insurmountable, is, I conceive, entirely 
removed by substituting a hemisphere, as shown in jfg, 157., 
and contracting the aperture in the manner there mentioned. 
Dr. Wollaston's microscopic doublet shown in^^. 162., con- 
sists of two plano-convex lenses m, n, 
with their plane sides turned towards 
the object Their focal lengths are as 
one to threCt and their distance from li^ 
pl eTIT F* to 1^ inch, the least convex being next 
JW / \ the eye. The tube is about six inches 

^P / \ long, having at its lower end, C D, a cir- 

cular perforation about -fir of an inch in 
diameter ; through which light radiating 
from R is reflected by a plane jnirror ah 
below it At the upper end of the tube 
is a plano-convex lens A B, about | of an 
inch focus, with its plane side next thd 
observer, the object of which is to form 
a distinct image of the circular perfora- 
tion, at e, at the distance of about -^ of 
an inch from A R With this instrument, 
Dr. Wollaston saw the finest striife and 
serratures upon the scales of the lepisma 
and podura, tmd upon the scales of a 
gnat^s wing. 

(200.) Double and triple achromatic 
lenses have been recently much used for 
the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they perform well 
they are very expensive, and by no means 
superior to other instruments that are properly constructed.* 
The power of using homogeneoyis light, indeed, renders them 
in a great measure unnecessary, especially as we can employ 
either of Mr. Herschel's double lenses shown in ^gsi 43. and 
44., which are entirely free from spherical aberration. One of 
these. Jig, 44.,* has beeir executed | of an inch focus, with an 
aperture of -^ of an inch ; and Mr. Pritchard, to whom it be- 
longs, informs us that it brings out all- the test objects, and ex- 
hibits opaque ones with facilityi 

In applying the compound microscope to the examination ot 
objects of natural history, I have recommended the immersion 
of the object in a fluid, for the purpose of expanding it and 
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Oits minute parts their proper position and appearanoe. 
sr to render tiiis method perfect, it is proper to immerse 
the anterior surface of the object glass in the same fluid which 
holds the object ; and if we use a fluid of greater dispersive 
power than the object glass, and aocomnKxiate the mt^or 
surface to the difierence of their dispersive powers, the object 
glass ma^ be made perfectly achromatic. The superiority of 
such an instrument in viewing animalcule and the noolecules 
of bodies noticed by Mr. Brown, does not require to be pointed 
out 

On Booting Microscopes, 

(201.) The simplest of all reflecting microscopes is a con 
cave mirror, in which the face of the <M»ervcr is always mag* 
nified when its focus is more remote than the observer. When 
the mirror is very concave, a small object m n, ^. 14., will 
have a magnified picture of it formed at M N; and when this 
picture is viewed by the eye, we have a single reflecting mi- 
croscope, which magnifies as many times as the distance A n 
of the object firom tli^ mirror is contained in the distance A M 
of the ima^. 

But if, mstead of viewing M N with the naked eye, we 
magnify it with a lens, we convert the simple refl^ting^ mi- 
croscope into a compound reflecting microscope, composed of 
a mirror and a lens. This microscope was first proposed by 
Sir lauic Newton ; and after beinff long in disuse nas been re- 
vived in an improved form by Prorcssor Amici of Modena. He 
made use of a concave ellipsoidal reflector, whose focal dis- 
tance was 2r\r inches. The image is formed in the other focus 
of the ellipse, and this image is magnified by a single or double 
eje piece, eight inches firom the reflector. As it is imprac- 
ticable to illuminate the object m n when dtuated as in fig. 
14., professor Amici placed it without the tube or below the 
line BN, and introduced it into the speculum A B by reflexion 
from a small plane speculum placed between m n and A B; 
and having its diameter about half that of A R 

Dr. Goring, to whom microscopes of all kinds owe so many 
improvements, has greatly improved this instrument He uses 
a small plane speculum less than ^ of the diameter of the 
concave speculum, and employs the fi>llowing specula of very 
abort focal distances : — 

fiond diataac* la taebaa. AprrtoN In 

1-5 0-6 

1-0 0-3 

0-6 0-3 

0*3 0*3 
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That iiig«Diaii£ artiet Mr. Cuthbert, who executed these im- 
provements, itoB more recentlf , under Dr. Goring's directku^ 
finished truly elliptical specula, nbose aiiertun is equal to 
their fiscal, length. This he has done with specula, having 
hay an inch fixus and half ao iuch aperture, and three teniM 
of an inch focus and three tenths of an inch aperture. Dr. 
Goring assures us that Ihis microscope ezhibiled a set of loD- 
gitudioal lines on the scales of the pndura in addition to the 
two sets of diagonal ones previously discovered, and two set! 
t£ diagonal lines on (he scales of the cabbage butterfly in ad- 
dition to the longitudinal ones with the cross stripe, hitJierto 



On Tea Objecti. 

(202:) Dr. Goring has the merit of having introduced tlia 

Qse of test objects, or objects whose texture oi markings re- 

3uired a cerlaui excellence in the micrneci^ to be welTseen. 
I few <rf' these are shown in^. 163. as given b; Mr. Pritch- 
•rd. A is the wing oC the mejielaus, B v\A C the hair of the 

FigAtS 




bat, tpit D and E lbs hair of the mouse. The most difficult 
of all the test objects are thoee in tho scalesof the jKufurnand 
the cabbage butterfly mentioned above. 

RuUi for mieroKopu: Obgervationt. 

(203.) 1. The eye should be protected from all extraneoas 
light, and should not receive any of the light which proceeds 
boai the illuminating centre, excepting wliat is tfansmitled 
through or.reflected from the oWect. 

2 I)encate observations should not be made when the fluid 
which lubricates the cornea is in a viscid state. 

3. The beet position for micioscopical observations is when 

• Sm KtMnTgkJnTTtai if mtiai. No. tV. new Hrlei. p. ML 
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the observer is lying horizontally on his hack. This arises 
from the perfect stability of his head, and from the equality 
of the lubricatin|r film of fluid which covers the cornea. The 
worst of all positions is that in which we look downwards ver- 
tically. 

4. If wc stand straight up and look horizontally, parallel 
marking or lines will be seen most perfectly when their di- 
rection IS vertical ; viz. the direction in which the lubricating ' 
fluid descends over the cornea. 

5. Every part of the object ^ould be excluded, except that 
which is under immediate observation. 

6. The lifi^ht which illuminates the object should have a 
very small diameter. In the day-time it should be a single 
hole in the window-shutter of a darkened room, and at ni^t 
an aperture placed before an Argand lamp. 

7. In all cases, particularly when high powers are used^ 
the natural diameter of the illuminating light should be di- 
minished, and its intensity increased, by optical contrivances. 

8. In every case of microscopical observations, homogeneous 
yellow light, procured from a monochromatic lamp, should be 
employed. Homogeneous red light may be obtained by colored 
glasses.* 

Solar Microscope. 

(204.) The solar microscope is nothing more than a mamc 
lantern, the light of the sun being used instead of that of a 
lamp. The tube A B, Jig, 154., is inserted in a hole in the 
window-shutter, and the sun's light reflected into it by a long 
plane piece of looking-«glass, which the observer can turn 
round to keep the light in the tube as the sun moves through 
the heavens. 

Living objects, or objects of natural history, are put npon a 
l^lass slider, or stuck on the point of a needle, and introduced 
mto the opening C D, so as to be illuminated by the sun's rays 
concentrated by the lens A. An enlarged and brilliant image 
of the object will then be formed on the screen E F. 

Those who wish to see the various external forms of micro- 
scopes of all kinds, and thp different modes of putting them 
up, are referred to the article Microscopb, in the Edinburgh 
EncyclopcBdia, vol. xiv. p. 215—233. In the latest work on 
the microscope, viz. Dr. Goring and Mr. Pritchard'g " Micro- 
scopical Illustrations," London, 1830, the reader will find 
much valuable and interesting information. 

* See tbe artidle Mxcrobcopb, Edinburgh Encydoptedia^ vol. xiv. p. S9R. 
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CHAP. XIJL ^, 

ON REfBACmsa AND REndBCrmiO TEEAIOOPES. 

Astronomical Telescope. 

(205.) That the telescope was invented in the thirteeotti 
century, and perfectly known to Roger Bacon, and that it was 
i^ed in £ngland by Leonard and Thomas Digges before the 
tirae of Jansen or Galileo, can scarcely admit of a doubt The 
prmciple of the refracting telescope, and the method of com- 
puting its magnifying power, have been already explained. 
We shall therefore proceed to describe the di&rent ft^nw 
wi^k k suecessivehr assumed. 

* The 4islfonomic<u telescope is represented in fig, 164. It 
coiisists of two convex lenses A B, D, the former of which 




k called the object glass, from being next the object M N, and 
the latter the eye glass, from its bemg next the eye E. The 
^ject glass is a lens with a long focal distance ; and the eye 
^ass is one of a short focal distwibe. An hivCTted image m n 
of any distant object M N is formed in the focus of the oWect 
glass A B ; and this image is magnified by the eye glass C D, 
m whose anterior focus it is placed. By tracing the rays 
through the two lenses, it will be seen that they enter the eye 
E parallel. If the object M N is near the observer, tlie image 
mn will -be found at \ grater distance from A B; and the 
eye glass C D must be drawn out from A B to obtain distinct 
vision of the image m n. Hence it is usual to fix the object 
glass A B at die end of a tube longer than its focal distance, 
and to place the eye glass C D in a small tube, called the eye 
tube, which will slide out of, and into, the larger tube, for tiie 
purpose of adjusting it to objects at different distances. The 
magnifying power of this telescope is equal to the focal length 
of Uie object glass divide by the focal length of the eye glass. 
Telescopes of this construction were tnade by Campani 
Divinland Huygens, of the enormous length of 120 and 186 
feet ; and it was with mstruments 12 and 24 feet long that 
Huygens discovered the ring and the fourth satellite of SSitum. 
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la order to we object gisasea of such great focal lengths nitb- 
out tile encambrance o! tiAea, Haygeas pUced the ot^ect 
glttn in B short tube at the top of a very loog pole, so th^ 
the tube ctMild be turned iq ever^ poenble direction upoa a 
ball and socket b; means of a alriog, and brought iaU> tita 
MDie line with aoother short tube containing the eye gla^ 
which he held in his band. 

As these telescopes were li^la to all the inperfecticni 
Brising from the abemttion of rcfnmgibilitf and that of eptiet- 
ioal ^are, they could not show objects distinctly when the ' 
■perture of the object glass was great ; and on this acccmit 
tnelr magnifying power was limiCM. Hujgens fbond that tbs 
fcUowlug wem the proper proportiona : — 



0-545 inches. 


0605 


0-94 


HM 


1-31 


1-33 


1-71 


1-89 


3«* 


4-20 


6-40 


5-fl5 


6-90 


6-83 



Terre$trial Tdeteope. 

(S06.) In order to accoininodate this telescope to land o^ 

jecte which reqaire to be seen erect, the instroment is eta- 

■trueted u in j£b-. lfI5., which is the same aa the precadii^ 

one, with the adftiim of two lenses £ F, G H, which have the 



eanie focal lei^th as C D, and are p 
doable their commim focal length. I 
equal, the distance of any two of tl 
sum of their local lengtha In this 
the rays is exactly the same as in th 
as L, where the two pencils of peral 
the anterior focus L of the eectntd e 
falliog on £ F form in its principal ^ 
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vriach is seen erect by the third eye glass G H, as the rayi 
diverging from m' and n' in the focus of G H enter the eye 
in parallel pencils at £'. The magnifyinsf power of this tele- 
Boope is the same as that of the former when the eye glasses 
are equaL 

Galilean Telescope. 

(207.) This telescope, which is the one usea oy Galileo^ 
differs in noUiii^ from the astronomical telescope, excepting 
m% concave eye glass C D, Jig, 166. being substituted fiur the 
coawex. one. The concave lens C I>is placed between the 

lig. 166. 




imagemn and the object glassy 00 that the image is in th^ 
princ^Md focus of the 4:oncav6 lenSL The pencils of jayt 
A B H, A B m fall upon C D, converging to its principal fbbu^ 
tod will therefore he refracted into ps^allel lines, which will 
fbter the ^e at E, and give distinct vision of the object Thi 
zhagnifying power of this telescope is found by the same rule 
99 wX for the astronomical telescope : it gives a smaller and 
]i98s agreeable field of view than the astronomical teteacope^ 
but it has the advanta^ of showing the object ^rect, and of 
giving more distinct vision of it 

Chregorian Refiecimg Telescope, 

(208.) Father Zucchius seems to have been the first person 
who magnified objects by means of a lens and a concave spec- 
ulum ; but there is no evidence that he constructed a reflecting 
telescope with a small speculum. 

James Gregory was the first who described the construction 
of this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- 
served for Sir Isaac Newton. 

The Gregorian telescope is shown in Jig, 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be a 
parabola. For nearer ones it should be an ellipse in whose 
uLrther focus is the object, and in whose nearer focus is the 
image ; and in both these cases the speculum would be free' 
fix)m spheriod aberration. But, as these curves cannot be 
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jofmnunicated with certainty to specpja, q>ticiBns are 

with giving to them a correct spherical figure. In front of the 



F\g. 167. 




large apecolnm is placed a small concave one, C D, which 
can he roored nearer to and farther from the large specalom 

a means of the screw W at the side of the tube. This spec- 
am should have its curvature elliptical, though it is gene- 
ndly made spherical An eye-piece consisting of two convex 
lenses, E, F, placed at a distance equal to half the sum c^ their 
focal leng^ is screwed into die tube immediately b^iind the 
mat speculom A B, and permanently fixed in that poaitiofi. 
U rays M A, N B, issuing nearly parallel from the extremities 
M and N of a distant object, fiiU apon the speculum A B, they 
wiU form an inverted image of it at m n, as more distine^ 
Aown in fig, 14. 

If this ima^ m n is ftrther from the small speculum C D 
tiian its principal focus^ an inverted ima^ of i^ US' n', or an 
erect imaoe oc the real object, since m n is itself an inverted 
one, wil] be formed somewhere between £ and F, the rays 
passing through the opening in the speculum. This image 
m' n' might have been viewed and minified by a convex eye 
glass at F, but it is preferable to receive the caavergmg rays 
upon a lens E called the field glass, which hastens their con- 
vergence, and forms the image of m n in the focus of the lens 
F, by which they are magnified ; or, what is the same thing, 
the pencils diverging from the image m' n' i^re refracted by F, 
so as to enter the eye parallel, and give distinct vision of the 
image. If the object M N is brought nearer the speculum 
A B, the image of it, m n, will recede from A B and a}^oach 
to C D ; and, consequently, the other image m' vi in the con- 
jugate focus of C D will recede from its place w! n\ and cease 
to be seen distinctly. Tn order to restore it to its place m! n\ 
we have only to turn the screw W, so as to remove C D 
fiulher from A B, and consequently farther from m ti, which 
will cause the image m! n' to appear perfectly distinct as be- 
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jbre. The magnifying pow^ of this telescope may be finmd 
by the following rule : — 

Multiply the focal distance of the ^reat speculum by the 
^stance of the small mirror from the image next the eye, air 
fepmed in the anterior focus of the convex eye glass, and mul-. 
t^ly alee the focal distance of the small speculum by ^e focpdr 
distance of the eye glass. The quotient arising from dividiiig 
the former product by the latter Will be the magnifying power. 

This rule supposes the eye-piece to consist of a single lens. 

The folbwing table, showing the focal lengths, apertures, 
po^tfiers, and jHrices of some of Short's telescopes, wiU exhibit 
the great superiohty of reflecting telescopes to refiracting 
ones: — 

roMlls^ltlMtalbat. 
1 

2 
3 
4 
7 
12 



ApCTtsnlalttaMi; 


mtglAtrtHtawML 


l^MlBgUMih 


3-0 


m 


to 100 


14 


4*5 


00 


300 


35 


6-3 


100 


400 


75 


7-6 


120 


500 


100 * 


122 


200 


800 


300 


18-0 


300 


1200 


800 



CasBegrmnian Telescope. 

* ^09.) The Cassegrainian telescope^ proposed bv M. Cai* 
segniin, a Frenchman, differs from the Gregorian only in hav- 
\hg its small speculum C D,fig. 168., convex instead of con^ 
dive. The speculum is therefore placed before the image m n 

FHff. 168. 




df Ae object M N, and an image of M N will be formed at 
ih^n^ between E and F as in the Gregorian instrument Tlie 
advlmtage of this form is, that the telescope is shorter than 
tim Gregorian by more than twice liie focal length of the 
small speculum; and it is generally admitted that it gives 
mbl^ light, and a distinctier image, in consequence of the' con- 
vex speculum correcting the aberration dt uie Cioncttve one. 

Z 2 
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Newtonian Tdescope, 

(210.) The Newtonian telescope* which may be regarded 
M an improvement upon the Gregorian one, is represented ia 
Jig, 100., where A B is a concave speculum, and m n the in- 
ferted image which it forms of the olgect from which the rays 

Fig. 109. 




tn. 




M, N proceed. As it is impossible to introduce the eye into 
the tube to view this image without obstructing toe ligiit 
which comes from the object a small plane speculum C D, in- 
clined 45^ to the axis of the large speculum, and of an oval 
form, its axes being to one another as 7 to 5, is placed between 
the speculum and ue image m n, in order to reflect it toa side 
at m' n'f so that we can magnify it with an ^e glass E, which 
causes tiie rays to enter the eye paralleL The small mirror 
is fixed upon a slender arm, connected with a slide, by which 
the mirror may be made to approach to or recede from the 
large speculum A B, according as the ima^e m n approaches 
to or recedes from it This adjustment might also be efiected 
by moving the eye lens E to or &om the small speculum. The 
magnifying power of this .telescope is equal to the focal length 
of Qie ffreat speculum divided by that of the eye fflass. 

As about half of the light is lost in metallic relexions, Sir 
Isaac Newton proposed to substitute, in place of the metallic 
speculum, a rectangular prism ABC, Jig. 148., in which the 
^ight suffers total reflexion. For this purpose, however, the 
glass requires to be perfectly colorless and free from yein% 
and hence such a prism has rarely been used. Sir Isaac 
also propped to make the two &ces of the prism convex, as 
D E F, Jig, 148., and by placing it between the image m n 
and the object, he not only erected the image, but was enaUed 
to vary the magnifying power of the telescope. The original 
telescOTe, constructed fay Sir Isaac's own hands, m pfeeerved 
in the library of the Royal Society. 

The following table shows the dimensions ot Newtonian 
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telescopes, which we have computed by taking a fine telescope 
made by Hawksbee as a standard : — 



1ft 2-23 inches. 0129 inchea 03 

2 3-79 0152 158 

3 514 0168 214 

4 6-36 0181 265 
6 8-64 0-200 360 

12 14-50 0-238 604 

24 24-41 0-283 1017 

(211.) On account of the great loss dt light in metallic re> 
flexions, which, according to the accurate experiments of Bfr. 
R. Potter, amounts to 45 rays in every 100, at an incidence of 
45^,* and the imperfections of reflexion, which even with per* 
feet sur&ces make the rays stra^^^ve or nx times more than 
the same imperfections in refracting surfaces, I have p r o p oBed 
to construct the Newtonian telescope, as shown in fig. 170.« 
where A B is the concave speculum, m n the image of tht 




object M N, and C D an achromatic prism, which refimcts the 
image m n into an oblique position, so that it can be viewed 
by the eye at E through a magnifying lens. Nothing more n 
required by the prism than to turn the rays as much aside aa 
will enable the observer to see the image without obstructing 
the rays from the object M N. As the prisms of crown and 
flint glass which compose the achromatic prism may be ce» 
mented by a substance of mterm^iate refractive power, no 
more light will be lost than what is reflected at the two sur* 
fkces. 

In place of settmg the small speculum, C D, of the New- 
tonian telescope, fig, 169., at 45°, to the incident cays, I have 
\nopoeed to {dace it much more obliquely, so as to reflect the 
tmAge m n, fig, 170., out of the wa^ of the observer, and no 
fiirther. llus would of course require a j^ane speculum, C D, 

I I I III I I » ■ ■ II ■ I I I I.I I II Mil 

* Edinkurgh Journal 9f Sciau4, No. VI., new iiprlet, p. S83. 
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of tnuch greatefT length; but the greater obliquity of the re- 
flexion would more than compensate fi)rthi8 inconvenience. 
It might be advisable, indeed, to use a small speculum of dark 
glass, of a high refractive power, which at great incidences 
reflects as much light as metals, and which is capable of 
being brought to a much finer sur&ce. The fine sur&ces of 
•ome crystals, such as ruby silver, oxide of tm, or diamond, 
might be used. 

A Newtonian reflector, toithoiU an eye glass, may be made 
by using a reflecting fi^lass prism, with one or both of its sur- 
nces concave, when the prism is placed between the ima^e 
m » «ad the f^^^^ speoalum, so as to reflect the rays paralfel 
to the ey«. The magnifying power will be equal to the fecal 
laogth of the great speculum, divided by the radius of the 
ooooave aur&ce of the prism if both the sor&ces are concave^ 
mad of equal concavity, <xt by twice the radius^ if only one^ 
muSaoe is concave. 

Sir WiUiam HerscheVs Telescope. 

(212.) The fine Gregorian, teleecopee executed by Short 
were so superior to any other reflectcnrs, that the Newtonian 
form of the instrument fell into disuse. It was revived, how- 
ever, by Sir W. Herachel, whose labors form the most brilliant 
epoch m optical science. With an ardor never before exhibit- 
ed, he constructed no fewer than 200 seveh feet Newtonian 
reflectors, 150 ten feet, and 80 twenty feet in focal length. 
But bis zeal did not stop here. Under the munificent patron- 
age of George IIL, he began, in 1785, to construct a telescope 
firlyfeet long, and on 3ie 27lh of August, 1789, the day on 
^ich it was completed, he discovered with it the sixth satel- 
lite of Saturn. 

The great speculum had a diameter of 49| inches, but its 
concave sor&ce was onlv 48 inches. Its thickness was about 
8^ inches, and its weight when cast was 2118 lbs. Its focal 
lea^ was forty feet, and the length of the sheet iron tube 
which contained it was 89 feet 6 inches, and its breadth 4 fbet 
10 inche& By using small convex lenses, Dr. Herschel was 
enabled to apply a power of 6^0 to the fixed stars, but a very 
moch lower power was in general used. 

In this telescope the ob^rver sat at the mouth of the tube, 
and observed by what is called the front view, with his back 
to the oliject, without using a plane spedulum, the eye lens 
being afi^ied directly to magnify the image formed hf the 
great speculum. In order to prevent the hetA, &e. from ob- 
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fltructiBg too much of the incident light, the image wat formed 
oat of die axis of the specuiuro, imd most, therefore, have 
been slightly distorted. 

As the frame of this instrument was exposed to the weather, 
it had greatly decayed. It was, therefore, taken down, and 
another telescope, of 20 feet focus, with a speculum 18 inches 
in diametei", lyas erected in its place, in 1822, hy J. F. W. 
Herschel, Esq., with which many important observations have 
been made. 

, Mr, Ramage^s Telescope, 

(213u) Mr. Ramage, of Aberdeen, has constnieted varioiM 
Newtonian telescopes, of great lengths and high powers. The 
largest instrument at present in use in this coontry, and we 
believe in Europe, was constructed by him, and erected at the 
B4>yal Observatory of Greenwich in 1820. The great specu< 
lum has a focal length of 25 feet, and a diameter w 15 inchen 
The image is formed out of the axis of the speculum, which 
is inclin^ so as to throw it just to the side <^ the tube, where 
the observer can view it without obstructing the incident raya 
The tube is a 12-sided prism of deal, and wh^i the instrument 
is not in use it is lowered into a box, and covered with canvas. 
The apparatus for moving and directing the telescope is ex- 
tremely simple, and dispGiys much ingenuity. 



CHAP. XLHI. 

if 

ON lOBROMATIO TSUSCOPia 

(214.) The principle of the achromatic telescope has been 
briefly explained ih Uhap. VIL, and we have there ^wn how 
a convex lens, combined with a concave lens of a longer focus, 
and having a higher refractive and dispersive power, may {nxH 
duce refraction without color, and consequently form an image 
free from the primary prismatic colors. It has been demonstrated 
mathematically, and the reader may convince himself of its 
truth by actually tracmg the rays through the lenses, that a 
convex and a concave lens will form an achromatic combina- 
tion, or will give a colorless ima^e, when their focal lengths 
are in the same proportion as their di8j)ersive powers. That 
is^ if the dispersive powers erf* crown and flint glass are as 0*60 
to 1, or 6 to 10; then an achromatic object glass could be 
fbm\ed by combining a convex* crown glass lens of 6, or 60, or 
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000 incbM with a concave Bint glsBB lens of ID, or 100, or 
1000 inches in local length. 

But though such a combinattoii would form an image free 
from color, it would not be free from splierical aberration, which 
can only be removed by giving a proper proportion to Uie cur- 
Taturea of the first and last surface, or the two outer surfeeea 
of the compound leas. Mr. Herschel has found that a double' 
object glass will be nearly free from obemttioD, provided tha 
ladiui of the exterior surface ct the crown lens be 6-72, and 
of the flint 14-^, the focal Icn^ of the combination being 



io of their dispersive poweta. Thi« 



side towards the object, and C D the concavo-ciHi 
vex lens of flint glass placed towards the eye 
The two inside aumcea that come in ccmtact arr 
•o nearly of the eeme curvature that they may b< 
ground on the same tool, and nntted together by i 
cement to prevent the loss of light at the two ear 
&cea. 

Id the double achnxnatic o<^t glasaetr ttxt 
etructed previous to the publication of Mr. Her 
Bchel's investigatioot, the sur&ce of the concave 
lens neit the eye wa^ we believe, always coo- 
ls achromatic object glasses consist of three lenses A E; 
ITS. C D, E F, Jig. 172., A B and E F being convex 
^ ^ lenses of crown glass, and C D a double ccmcave 
— ^ lens of flint glass. ^ 

The object of using 
tain a better correction 
tion; but the greater 
Btruction, the greater ri 
or of the axes of the t 
the same straight line, 
light at six surfaces, . 
more than compensatin 
' th^ have accordingly 1 
The following were 
achromatic object glai 
DoUwid :— 
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A B, or first Crown Lens. 

FIRST OBJECT QL4SS. ' SECOND OBJECT GLASS. 

Badii of first surface, ... 28 inches ...... 38 

' second surfiice, ..40 35*5 

C D, or Flint Lens. 

Radii of first surface, ... 20'9 214 

— second surface, ..28 - . 25*75 

E F, or second Crown Lens. 

Radii of first surfaoe, ... 28*4 ..• 28 

second surface, . . 28*4 ........28 

Focal length of the compound 
lens, 46 inches ...... 46*9 

In consequence of the great difficulty c^ obtaining flint 
glass free from veins and imperfections, the largest achromatie 
ot^ect glasses constructed in Eflgland did not greatly exceed 
4 or 5 inches in diameter. The neglect into which this im- 
portant branch of our national manufactures was allowed to 
&11 by the ignorance and supineness of the British government, 
0timalated foreigners to rival us in the manufiicture of achro- 
matic telescopes. M. Guinand of Brenetz; in Switzerland, 
and M. Fraunhofer, of Munich, successively devoted their 
minds to the subject of making le).rge lenses of flint glass, and 
both of them succeeded. Before his death, M. Fraunhder 
executed two telescopes with achromatic object glasses of 9-i^ 
itiches, and 12 inches in diameter; and he infixed me timk 
be would undertake to execute one 18 inches in diameter* 
The first of these object glasses was for the magnificent tchio^ 
matic telesco^ ordered by the emperor of RaflBia« for the obit 
servatOTy at Dorpat Tlie object Iflass was a double one, wad 
its focal length was 25 feet; it wra mounted on a metallid 
stand which weighed 5000 Russian pounds. The telescc^ 
eoald be moved by the slightest force m any direction, all the 
movable parts being balanced by counter weights. It had fous 
eye glasses, the lowest of which ma^ified 175, and the higin 
est 700 times. Its price was 13002., but it was liberally given 
at prime cost, or 0502. The object glass, 12 inches in diameter, 
was made for the king of Bavaria, at the price of 27202. ; but 
as it was not perfectly complete at the time of Fraunhofer's 
death,^ we do not know that it is at present in use. In the 
hAnds of that able observer. Professor Struve, the telescope ci 
Dorpat has thready macte many impartmt disooveties in as» 
trooomy. 

A Srf&ch opticiaii, ii>e believe^ M. Leceboot^ fa^ more 
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reeeatly exeouled two achroowtic oliject ^^assas of glaas mads 
by Guinand. One o£ them is nearly 12 inches in diameter, 
and another above 13 inches. The first of these object jriaflses 
was mounted as a telescope at the Royal Observatory ofPans; 
and the French government had expended 5001. in the.put^ 
chase of a stand l>r it, but had not the liberality to purchaae 
the object glass, itsel£ Sir James South, our liberal and active 
oooAtryman, saw the value of the two object glasses, and 
quired them for his observatory at Kensington. 



ON ACHROMATIC ■T^>nCBi. 

(215.) Achromatic eyepieces when one lens only is wanted, 
VDMJ be composed of two or three lenses exactly on the same 
principles as object glasses. Such eyepieces, however, are 
ttever used, because the color can be corrected in a superior 
manner, by a proper arrangement of single lenses of the sam^ 
kind of glass. This arrangement is shown in^^. 173., where 
A B and C D are two plano-convex lenses, A B being the one 

Fig, 173. 



'—^tj 



next the object glan, and C D tke one next the eye, tuav d 
wiitte light R A, prooeeding from the achromatic object gum, 
will be redacted by A B at A, so that the red ray A r crosses 
the axis at r, and the violet ray A v at v. But these rays beiiur 
interceiijted by the seoond lens C D at tlie points jvi, n, at d£ 
fbrent oistances fiom the axis, will sufl^ different degrees of 
rdraction. The red my mr suffering a greater refi-actioa 
than the violet one n v, notwithstanding its inferior refran* 
ffibili^, so that the two rays will emerge parallel fipcan the 
lens d D (and therefore be colorless) as shown at m r', m v'. 

When tbcMBe two lenses are made of crown glass, they must 
be pfoced at a distance equal to half the sum of their fix»l 
leng^ or, what is more accurate, theur distance most be 
eqtMd to half the sum of the focal distance, of the eye gfass 
C D, and the distance at which the field glass A B would form 
an image of the ^ject glass of the telescope. This eyepiece 
ii called the n^fnlim mftpmoe^ The stop or diaphragm mnst 
be placed halfway between the two Ibises. The focal leiMrth 
ef an equivalent lens, 4)t oiw that has the same magnJU^mg 
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pofiMr 



as tfae ejrepwcey « eiq^ to twiee the prodtiet of the 
lei^fths of the two lemee divided by the sum of the nme 



Fig. 174. 



An eyepieee searlf achnomatie, oalled RtemsdeiCs Eyepiece^ 
' mfieh med in traomt mstramettte and telescopes with mi« 
u««Mitiiri» is shown in Jig. 174., where A B, C D, are two 

plaiKMxxivex lenses with their 
convex sides inwards. They 
have the same focal leng^th, and 
are ydaced at a distance irom 
each other, equal to two-thirds 
of the focal length of either. 
The focal length of an equiva- 
lent lens is equal to three-fourths 
the focal length of either lens; 
The use of this eyepiece is to 
giro a Hat field, or a distinct view of a system of wires placed 
at M N. This eyepiece is not quite achromatic, and it might 
be rendered more so by increasing the distance of the lenses; 
bat as this would require the wires at M N to be brought 
nearer A B, any particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in universal use in 
all achromatic telescopes for land obieots is shown in fig, 175u 
it consists of four lenses, A, C, D, B, placed as in the figure. 

Fig. 175. 





Hr. Coddington has diown, tiiat if tiie foeal lei^ths, r«ekining 
kom A, ite as the nnmbevs 3, 4, 4 and ^ and the distancesr 
bd^ween them on the same scale 4, 6, and 6*2, the radii, 
reclconing from the outer snrlbee of A, shonld be thus :^- 

27 1 

Sneariy plano-soiivex. 



. J First sur^oe 
) Second snrfiice 

^ S First surface 
f Second surface 

jj J First surface 
( Second sbr&ce 



B 






First surfiice 
Second sur&ce 




ameDisetis. 



Dsailf pliiao-OQiive& 



Double 



Tbe4nifDifj^p0«r«rof thii ey e piee e» m vmily mad^ 
.idifieEB little from >¥hat would 1m produeed by usiag-ltke fiiit 
or fourth lens alone. I have shown, that the magnil^^i^ 
powecs4^ tto eyepiece inay be incnsaed or iMiniiiiadied \^ 
varying th^liiftaQce between C aad D^ which even in eomnMb 
eyepieces of ttiis kind may be done, as A and C are i^aeicl^ib 
.one tube A (D, and D and B in another tube D B, so that the 
latter can be drawn out of the general tube. In Jig, 175., I 
have shown the eyepiece oonatructed in this way, and capable 
of having its two parts separated by a screw nut E, and rack. 
This contrivance for obtaining a variable magnifying power, 
and consequently of separating optically a pair of wires fixed 
before the eye glass, I communicaited to Mr. Carey in 18C^ 
■and had one of the instruments constructed by Mr. Adie in 
1808. It is fully described in my Treatise on Phih&opkieal 
Jn$trument9, and has been more recently brought out as a new 
invention by Dr. Kitchener, und^ the name <h the Pancraiie 
JSye 7u6e. 

Prism Telescope, 

(216.) In 1812, I showed that cdorless r^ractien may be 
produced by combining two prisms of the same substance^ and 
Ule experiments which led to this result were published* in my 
TrecOise on New Philosophical Instruments in 1813. Tii# 
practical purposes to which this singular principle seemed to 
oe applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a 
Teinoscope^ ibr eiEteDdi&g or altering the lineal proportions o/F 
objecta 

If we take a prism, and hold its refhtctin? edge downwards 
and horizontal, so es to^ee trough it one of the panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge from it at equal 
angles^ 9mmfig*20^ wbore-the square pane of ^lass is of Its 
Q^tnral fsiae, If we tnm the refnmtmg edge to^rds the 
window, th^ pine will; be extended or magnified in its lengfth 
or vertical direction, while its bi^eadth remains the seme. W 
we now take the same prism and hold its refracting edge ver- 
tically, we riNLlI ftnti, by the same process, that the pane of 
glass is extended or magnified in breadth. If two such prisma^ 
Sierefbre, are combined in these positions, so as to magnify the 
same both in ler^ih and breadth, wc have a telescope com- 
posed of two pTBDis, hot onfbrtimately the objects are all 
highly fringed with the prisma^ colon. We may correct 
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these ooloiB ki Uuree wvys: let, We may nntke tlie prisms of 
a kind of glass which obstructs all the rays but those of one 
teMHdgfepeoUa color ; or, we may vse a piece of the same glaai 
te idiMrb the t)tfaer rays when two common glass prisms are 
wed} 2d^ We may ude achromatic prisms in place of commoa 
prmtmz^ or, dd, What is best of all for commbn purposes, we 
SMcy place other two prisms exactly similar, but in reverse 
foekions, or they may be placed as shown in fiff, 176., which 
Mpresefttsthe prism telescope ; A B and A C bemg two prisn» 

Fig.VTB, 




of the same kind of glass, and of the same refracting angles, 
with their planes of refraction vertical, and E D, E P, other 
two perfectly £(imilar prisms, similarly placed, but with their 
planes of fefraction horizontal. A ray of light, M a, froai an 
Object^ M,, enters the firdt prism, E F, at a, emerges from the 
second prism^ E D, at 6, enters the third prism, A C, at c, 
emerges from the fourth prism, A B, at d, and enters the eye 
at O. The object^ M, is extended or magnified horizontally 
by each of the two prisms, E F, E D, ana vertically by each 
ef the- two prisms, A B, A C ; objects are magnified by look- 
ing liiroagh the prisma 

This instmtnent was naade in Scotland hy the wrjter of this 
Treatise, under the name of a 'Deinotcopef and also by Dr. 
Blair, befiwe it was proposed or executed by Professor Amici 
of Modena. Dr. Blair's model is now before me, being com^ 
posed of fimr prisms of pkte glass with refracting asigles of 
about 15®. It was presented to me two years ago by lus son ; 
but as no account of it was ever published, Mr. Blair could not 
determine the date of its construction. 

In constructing this instrument, the perfect equality of the 
firar prisms is not necessary. It will be sufficient if A B and 
D £ are equal, and A C and £ F, as the color of the one 
prism can be made to correct that of the other by a change i4 
m position. For the same reason it is not necessary thi^ they 
baall made of the same kind c^ glasa 
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Achromatic Opera Glasses toith 'Single Lenses, 

(217.) M. d'Alembert has Jon^ ago shown that an ft<^iroiBalae 
telescope may be constructed with a sin^e ol^ect gUga and a 
single eye glass of difierent refiactive luid dispersive powen 
To effect tms, the eye glass must be concave» and be ooade «f 

Slass of a much higher dispersive power than that of which 
le object glass is made ; but th« prc^ioeal was quite Uto^ao 
at the time it was suggested, as substances with a suffieievt 
difi^rence d dispersive power were not then known. Even 
now, the principle can be applied only to opera ^lassesL 

If we use an object glass of very low dispersive power, the 
refraction oi the violet rays may be corrected by^ a concafe 
eye lens of a high dispersive power, as will be seen by the 
allowing taUe. 



Crown glass Flint glass 1 J 

Water Oil of cassia 3 

Hook crystal Flint gloss S 

Rock crystal Oil of anisesecd 3 

Crown glass Oil of cassia • 3 

Rock crystal Oil of casifia 6 

Although all the rays are made to enter the eye parallel la 
these combinations, yet the correction of color is not satis» 
fiictory. 

Mr, Barlow^s Achromatic Telescope, 

(218.) In the year 1813 I discovered tlie remarkable dis* 
persive power of sulphuret of carbon, having found that it 
^ exceeds all fluid bodies in reftactive power, surpesBing even 
flint glass, topaz, and tourmaline; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holdiog 
an intermediate place between {^osphorus and balsam of tola. 
* * * Although oil of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, from the yellow color with 
which it is tinged, it is greatly inferior to the latter as an op 
tical fluid, unless in cases where a very thin concave lens is 
reauircd. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as ^is volatility may be restrained, 
we have no hesitation in considering the sulphuret qf carbon 
as a fluid of great value in optical researches^ and which 
may be of incalculable service in the construction of optical 
instruments.'*''* This anticipation has been realized by Mr. 

* On the Optical Properties of Sulphuret of Carbon, in Edmbwrgk TnM. 
vol. vjii. p. SK5. Feb. 7. 1814. 
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'Barlow^ who has employed sulpharet c^ carbon as a substitute 
for flint glass, in correcting" the dispersion of the convex lensi 
It had ^een proposed, and the experiment even tried, to place 
-the concave lens between the convex one and its focus, for the 
>fRtr^pose of correcting the dispersion of the convex lens, with 
Ik lens of less diameter, but Mr. Barlow has the merit of hav- 
ing first carried this into effect 

The telescope which he has made on this principle, consists 
bf a single object lens of plate glass, 7*8 inches in clear aper- 
ture^ with a focal length of 78 inches. At the distance of 40 
inches from this lens was placed a concave lens of sulphuret 
tf carbon, wittt a focal length of 59*8 inches, so that parallel 
Wys felling on the convex plate lens, and converging to its 
ibcu^ wocdd, when refracted by the fluid concave lens, have 
their focus at the distance of 104 inches from the fluid lena^ 
Imd 144 inches, or 12 feet, from the plate glass lens. The 
floid is contained between two meniscus cheeks, and a glass 
ring, so that the radius of the concave fluid lens is 144 inches 
towards the eye, and 56*4 towards the object lens. The fluid 
is put in at a high temperature, and the contraction which it 
experiences in coding is said to keep every thing perfectly 
tijdit No decomposition of the fluid has yet been observed. 
The great secondary spectrum which I found to exist in sul- 
fchuret of carbon is approximately corrected by the distance p^ 
rae fluid lens from tfie object glass; but we are persuaded that 
it is not free from secondary color. Mr. Coddington remarks^ 
that the general course of an oblique pencil is bent outward 
by the fluid lens, and the violet rays more than the red, so as 
to produce indistinctness; but we are not aware that this 
defect was observed in the instrument The tube of the tele- 
teope is 11 ffeet, and the eyepieces one foot «* The telescope,'* 
ttiys Mr. Barlow, •• bears a power of 700 oh the dosest double 
Mars in ScmtVs and Hersche?^ catalogue, although the fleld 
iSr not then so bright as I could desire. Venus is beautifully 
Wriitd and wefl draned wif^ a power tjf 120, but shows some 
color with 360. Saturn, with the 120 power, is a very bril- 
liant o/bject, the double ringf and belts bemg well and satisfac- 
tdrilt defined, and with the 300 power it is still very fine.** 
Mt: Birfow remarks, also, that the telescope is not so com- 
petent to the opening of the close stars, as it is powerful in 

bringing to light the more minute luminous pointa 

, ■ ■ " . ■ . . * » , ■ • • 

Acfiroimtic Solar Telescopes toitk single Lenses. 

^':(3t9.^ An achromaiicr telescc^ finr viewing^ the mm or ai^ 
h^y lumbous object may be constnieted by using a angled 

2A2 
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ol^t glass of plate glass ; and by making anj one of the eyp 
glasses out of a piece of glass wnich transmits only homoge. 
neous light: or the same thing may be effected by a piece of 
plaoe glass of the same color ; but this introduces th6 errors 
of other two surfaces. In such a construction it would be 
preferable to absorb all tbe rays but the red ; and there are 
various substances by which this may be readily effected. Tbe 
object glass of this telescope, tliough thus rendered monochro- 
matic, will still be liable to spherical aberration. But^ if the 
radii of the lens axe properly adjusted, the excess of solar light 
will permit us to diminish the aperture, so as to render the 
■pherical aberration almost imperceptible. Such a telescope, 
when made of a great length, would, we are persuaded, be 
equal to any instrument that has vet been directed to tbe son. 
Ii we could obtain a solid or a fluid which would absorb all 
tbe other rays of the spectrum but the yellow, with as little 
loss as there is in red glasses^ a telescope of the preceding 
construction would answer for day objects, and for all the pur* 
poses of astronomy. If the art of giving lenses a hyperbolic 
£>rm shall be brought to oerfection, which we have no doubt 
will yet be done, the spnerical aberration would disappear; 
and a telescope upon this principle would be the most perfect 
of all instruments. 

Even by using red light only, a great improvement might 
be efiected in the common telescopes for day objects and §x 
astronomical purposes. If the red rays, for example, form y^th 
of white light, we have only to increase the area of the ap»w 
ture 10 times to make up completely for this defect of li^ht 
The spherical aberration is, no doubt, greatly increased a^ : 
but if we consider that, when compared to the aberration of 
eolor, it is only as 1 to 1200, we can nSaid to increase it in 
order to gain so great an advantage. Common telescopes^ 
indeedt may be considerably im{»t)ved by applying colored 
glasses, which absorb only the extreme rays of the raectrum« 
even though they do not produce an achromatic or homoge- 
neous image. 

These ciservations are made for the benefit of those who 
cannot a^rd expensive instruments, but wlio may yet wish to 
devote themselves to astronomical observations, with the <nndi* 
nary instruments which they may happen to possess. 

On the Bnprovement of imperfectly achromatic TeUtcopes, 

(220.) There are many achromatic telescopes of c<»Bdep- 
aU^ n^e, in which the flint leB» either ov^ coneets or ondBr 
0!(irreots tbe eolprs 0f the eiovn gka» lens. This d^ct majr 
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be easilv removed by altering^ slightly the carvatare of one or 
other of the lenses. But all aclm)matic telescopes whatever^ 
when inade of crown and flint glass, exhibit tJie secondary 
colors, viz. the wine-colored and the green fringes. These 
colors are not very strong ; and in mun^f if not in all cases^ 
we may destroy them by absorption through glasses that will 
not weaken matly the intensity oi the light The glasses 
requisite for um purpose must be found by actual experiment; 
as the secondary tints, though generally of the colors we have 
mentioned, are variously compmed, according to the natnre of 
the glass of which the two lenses are made. 
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APPENDIX OP THE AnTHOR, 



TABIZS or REFRACmviC AND DISPEBSIV^ POW£SS,Ae. 
OF DIFFERENT HSkCA. 



TABLE I. 

(EflltamJ la ttaai Fvgq 30^} 

TUb ef Ot RefrMitt Foaeri •>/ Seli4 aid ftaid Arfi'w 



HealnruliBdil S'&49 

OclotafdriM E-900 

KaiBiM)il S-439 

NilriMorind S-3S3 

aisnla 8-360 

FbonboTW S^4 

Si^ifinrinelleil ^ S'149 

01m lend" S 'inO, Bbil j 






Baby 

OImi \eid a futi, flint { 
Iput t 

fcpphira . 
Spuwltr 

Solphuret r^ cuW . . . 

OilarcaMta 

"■ m of Tola . 



Mof 
RoeitMlV 



Plat* (tuB, fram I'SH lo . . . 
Cnnvn ilaii, Inim I'SiB to . , 

Oilofdoi-ei 

BilnBiaipivi 

Oil oT beech nut 

Oil oT diva . 






Murialic Bctd . 
.AlcobDl 

VfiUi 



l'M9 

t-534 

]'53» 

]-5W - 

I-SOl 

1-500 

1-4W 

1-483' 

I-47S 

1-470 

1-45T 

1-134 

1-434 

1-410 

UIO 

13» 



Fluiiii in minenb 1-394 lo . 

IWMriKcr 

Ethor flipandod n 



ThUe ef lie Srfnelitit Pnccrf <tf Oatct. 



V.piir rf .nlphiint of J j^^jo 

carboD I 

PhongMwgw 1401159 

Cyanogca l-00<«34 

Otelhntgn 1-000678 

Salpbarotu acid 

8alphureu«d byilrogen 

Siliuiuoiidn 

HydmcTBUic neiil 

Unruticwid 



. 1-000665 



Au»»phertc 
Oiyeen.... 
Hyihgtea. . 
Vtouiim ... 



A TKUTin on onrcs. 
tabu: u, 

(BeAmd la (yom Fife 31.) 
TUti'af (A« AbiAite Rr/raetm Pauitn (f AxffiK 



Nitre I>W7» 

RoinwaMt (KStt 

FliMglu* 0-TS8* 

Cyenogen OfiOSl 

SulphiiRtlcd hydiona . . . I>«119 

'SI.?.-*"?.!""" 

Ammonia lOOSt 

Alcohol mccifiBd lOlH 

Camphor ; 1*B1 

OTveoil 1-S60T 

/ ■ 1-36M 

( > imt 

i itaibaa 1-4300 

1 l-««8 

1 i... i-em 

i l-WW 

( »• I'ffiM 

f MOW 

I s«n 

1 S09S1 



CmliW (H748 

Flnorqm 0-343S 

BulpbitB of homa 0-38» 

8ulphun>aaAid][M 04455 

MinotBgn 04491 

Air 0452^ 

Carbonic acid MS37 

Anitt MTM 

Chloriim 04813 

Nitnnisoiide 09078 

Phcweno MlSa 

SebnitB 0-5386 

Carhonir oiida 0«3ff? 

Quam 0MI5 

Gbw...; <>M3e 

MoriattcMiid 0-S5H 

Bulphurie acid .:... oei34 

Calcaicaoaafar OM34 

Alum 0*STO 

Bant 06T16 



NaL 

(Siflnnd to fton Pag* IS.) 

In order tD CDDve;^ la the naderaona ideaoftha Ttrtotf <ifdi«persTa 

powen niiicb eiiH in nbd and fluid bodiat, I havs givsn the Ibliawiac 



n oijaerTBtiona 



laUe, teleGiedfiviiianachlainr laie, fixuided iz 
1 nada id leil and ieiS.t 

TXiB fini eoliunn cuniaim the diSa«ioa of Iha indieea of refhcltiiB 
Sx the eiireme red and violet nyt, or the part of the whole rerntctua 
01 which the diqMriuau ii equal) uil [lie leoond ccdomn cotuaim Um 
dhperaive pttner. 

H^^OitlKftruiuPiMinifBaiif. 



aiDTeaBia 0-1S9 0089 

Snlphnr after fusion O130 0-149 

Phcaphomi 0189 OlM 

Sulphorel of enrbOTi 0-115 WfTt 

BalmmofTolu 0-108 0069 

B alsam of Peni , 0099 0068 

» Sn EMxiMTgt JbanK tf SciCKct. No. XX. p. Mft 

t Be* my rmaiH m Ate PUtoapUe*! tttrmmmu, p. SIS. 
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Oilid-birterBlmandi „.. 


M79 




OilofaniKHKd 


..... 0*77 




Aeeroto of Irad mdled - 


._ turn 




BohornofSwnu 


0067 


MW 









Oil of Ubacen IKIM (HIM 

Glim ammonioe 04X8 OHm 

CKloTBoriMdueitar OKKS 0«3> 

CNiof cIdtm o«63 Doaa 

OilofiBBBfni mxio o«ra 

Hosin OOS/I (Km 

Oil of iwee> fennel uedi t>«S6 OWS 

OiloTtpeanniat 0054 (HU6 

RorhsnU IHJ63 (KM 

CHutthouc (N1S2 0<m 

Oilof pimenlo.... (HfiS . . OdV 

FlmiglDBi .(HIM (KM 

Oil n<' sngtlica (KIM - OtSi 

Oilof thyme (KJ60 MU 

Oil of camway Hed» 0049 (M)B4 

FlinlclnB <KI48 0029 

Gumihui OOiB 0<I23 

(Xlofjuniper (HH7 WHS 

Nitric add CMS 0019 

CnudB balniii 0045 OOSl 

"■ " OiM (KSl 

Ofl44 IW23 . 

0044 0028 

COM 0O45 

: 0043 0016 









Batamcoiavi T. 111! !!!! !!! 


0043 
O04i 


0082 
0021 
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(WOT 

MSI 


oflsa 

0O13 






































GtaMoTBou i... 


0034 


MJ8 



I nwA.TnB on opnca. 















Crown jl«i 


IM)33 


MIS 


























KiCr^leutwC 


0030 


o«n 








K:ri,'r^.;:::::;::::: 


(HSS 


Offll 








ISTSSr.:;:;:::;:::;::::: 


WS6 


0016 




















SSS^::::::;:::::;:::;::: 


(waa 


ocm 




oaofi 

Oil of caraivsf JMdi 
Oilofnulraeg. 

Oil of peppennuiL 
OUofCBilor. 
Gala coobI. 

Nilnie of potuh. 
NmoiL 
BBlnn of rapivi. 
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TiAU cf Drtttuparent Bodies, ^rc^—coatinutd. 



Oflof qUtm. 
Cklcareow ipar. 
Rock nit 
Gnmhuiiper. 
OOof almondi. 
Crown olabb. 
Gum armbic. 
AiooboL 
Ether. 

Glaai of boiai. 
Selenite. 
BeiyL 



Topaz. 
Fluorspar. 
Citric acid. 
Acetic acid. 
Muriatic acid. 
Nitric acid. 
RockcryataL 
Ice. 

WATlft. 

Fbosphoroiii add. 

SuLPHUftIO AOIBl 



No. ra. 

(Beftrred to firoin Page 80.) 
ThbU <f the Indices of Refraction qf several Glasses and FUdds, 



Water . • • 

SoiatiM ofj 



Madta. 



ladioM of BaftactloB fbr (be nvnm Bvys la Um 

in jIf.U. Tffitli tiM iiOowtJic Letteh. 






OilcrT0»> 
pcntiiM 5 

CmwnOfaM 

fliitGla« 

FUBtOlaii 



1*000 I48(ttK 



8*512 



i 

Kadrar- 



1*416 l-nOM 1*400S15 



0«6 l^CTMM l^ffTMOO 

2*596 1*925882 1*528849 
2*756 1*554774 l-S56fiSS 
8-783 1*527749 1*529651 



1-6QB042 



C 
B«dfajr. 



1*881712 



1*603800 



D 
Oianie. 



1*833677 
1*408806 

1*474484 

1*529587 
1-559076 

i-flssose 

1*608494 



B 



1*533006 
1*563150 
1*542024 
1*614582 



iT- 

Bias. 



1-885851 
1*40S6K 



1*478353 1*481736 



1*837818 
1 



1*586053 
1*566741 

i-64aoe 

1*620048 



o 
laiiga 



1*841288 
1-412679 

1*488198 

1-64I667 
l*6735a6 
1*6«)886 
1*680718 






1*144177 
1*41MB 

1*488874 

1*648566 
1*579470 

i*eno6B 

1-MO078 
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NaL 

(Befen«d to from article 32.) 

If HkB remark of Mir. Herschel be admitted, die eooMquenea n^ b* 
drawn in relation to all the simple gases, except ootygen, that their ab> 
■olute refractive powers will be expressed by the square of the iades 
of refraction, diminished by unity: for in diem, the meoifio gnm^ it 
directly proportional to the weight of the atom. The sane remark 
applies to the vapon of simple braies, and to many flompoand gases. 

if the specific gravitjr, and weight of the atom, of hydiDsan oe callei 
miitv, the specific gravity of nitroeen, chlorine, doc. wfll be expressed 
by tne wei^t of the atom of each : hence the square of Ifae iadez of 
refiaction oiminished by unity, will be, by the pioceie directed in anieW 
32» multiplied and divided by the same quanti^. 

'Die inflammable substance hydrogen, instead of prsseirtiBr a hkh 
mtrinsic refractive power, would oc^ipy a low place on the souet wfafl*' 
chlo r ine would rank high upon it. This consequence was observed bf 
Mr. Herschel himself 

No.n. 

(Referred to fhnn article M, page 67.) 

• 

llHSTeniaik in rdationlo the absorptive power of water, Ihoa^ttfM 
ftr moderate thicknesaos, in relatioa to the colored rays of the spec* 
tnun, apnearSf by a recent discovery of Signw Melloai, not to be triM 
in regara to the heayng lays. An account of the interesting experi- 
ments which have establisned this &ctr will be more in place, in 
oonnenen inth the article which treats of the heatii^ power of Iha 
qpectmm. 

Nam. 

(Referred to from article 66, page 70.) 

' This interesting analysis of the solar i/l>ectrum, by Sir David Ih e wafer , 
will, probably, have its value to (he rrader increased by a brief elates 
ment of die experiments from which the resnlti, siven in pages 69 and 
70, were deduct. The matter of this note is taken finm a paper, bf 
Sir David Brewster, in the Edinburgh Journal of Sdenoe ibr (October, 
1831.* 

1. The first position is that, ** redt yeUoWy and Hue lij^t exist at every 
poim of the sotu* spectrum.'' The eye gives evidenoe of die existence 
of red U^t, in the red, oranffe, and violet spaces, which, together, oon- 
MitVte more than half die feigdi of die speelram. If dw \km and 
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indigo ipsoM be tnimnittied tbnmgb pliTQ oil, the light becomes of a 
iriolet tint, leadering evidentdbei ndv y s ivi o u B iy exit«iiiff in the bine 
and indifo, fay abioroing raya which haa neulreliied it m the yellow 
and green apaoea the exietenoe of and ia proved by showmg that white 
light may be detected in them. 

Kettow liaht vunpp»gqtoed,by<llw fff in nther iDoi« than one-fif& 
of the length of the apectrum, namely in the orange, yellow, and green 
apacee. It may be piovedJo be. nceMiU in the blue and indigo spacei 
1^ mai^ experimentm among which is Um one already described, in 
wiiich a violet tint is devek^ed, .by passing the spaces ^through olive 
oil : the tint absorbed by the oil camiot be red, beoeiuse violet, reddish 
bine, is made to appear by ihe ffamninett^ il easmot be blue, ibr blue 
titken firopif -blue wiSk M leave violet; it is, then, veHow, which mixed 
with thl» psd and bliie bad formed white Ugfat, at this part of the speo 
liram. Faither, the spectrum examined through a deep olue glass, shows 
pnea.in the Uue spacer and through a transparent waier of gelatine, 
■RMliioea a whitirii bond in the same space. Yellow is shown |o exist 
in die led. smoe ^ examining it through a nrism of port wine, the re- 
jam inn amJe of iniidi is 90^, and the whole of the red space assumes 
9 vfUowish tint 1^ the. absorption of the blue rays, by certain thicknesses 
or pitchf faalasa of Peru, Sui, In the violet space, owing to the extreme 
6ed«^ with whi^lhat color is absorbed, and the extreme feintness of 
the rays, yellow light has not yet been detected. 

Hfufl hftht is perctiptible to the eye through more than two-thirds of 
^ kmgm of tl^ spectrum, that is m the green, Uue, indigo, and videt 
S|)ficea, The absurpcive j^vvens of jdtch, balsam of Peru &C., show 
^reen light extending considerably within the red space ; and the bli^e 
IS ftrlher proved to be spread thrmighoat that space dv the yellow tinge 
whidi it assumes, when viewed tbrou^ the media already aUnded to; 
a tint whidi could only result fima the abeorptkm of blue rays. 

S. WXnto light e^ists^ at every noint of the jq)ectrum, and may be in- 
sulated by absOTbinff the excess m the colored rays at any poinL 

'Bv « particular weimeBS of smaltHbla* giaas, tfte fsuom spaea^ 4ie 
iM^testof the speetram, becomes greenish whiles and, with a diftireal 
Ihie, reddi^ white. A rakctnre of red ink aoai solphaleof emmer »» 
tfnees the'jyelkyw space to nearly a white, the tint being ali^iMfy led 
trhen the mk is in excess, and green wlien ibem is too noeh ef the 
iehi^n of salpliate <yf eopoer. By particalar nwthods, not deaaibad» 
Sir David Brewster stales tnat he has succeeded in insulating white 
li^ in both the orange and green spaces. 

xhe curious properly pnswwifil by due white lijj^t of not being de> 
eomposable by lefraction, is a powerfiil si^iport of the new dieoiy of 
tiie spectrum. 

- 9y «^n^ii»»Blf fjf absonition apidied to the heating nyu of the aolar 
qpe(^nwii «na which will be desdibed in a subsequent note, the exist- 
IMiee oif a spectrum of heating rays, exceeding in length the thrye colors^ 
iffBctim is pn9ve4f bringing a new anak^ to bear upon this questkm. 

Na IV. 

^eftrred to from article 71, page HI.) 

: C oan^ ar ilive experiaeate an the heat in diflhent parts of the aajy 
apeetnm, leqnire the most delicate inslramencs. The newbnnciior 
aeience, tti«fmo4Migtieti«s, flmrnlw i! <lgiwi iUtktd witfi a much more 
asnsOila means of measorinf tenperatora flam the common tfaarmam- 



By ihe Bid of Ihn inUnuaaDt, he finmil' ibat Ihe beat auaB i| jaa ji ig 
dwvioleiipaoeaf ihatpadnoD. fionacnnnglaia pcim, wh dm bI aU' 
•iBorbed Of para mlcA vtule ft«nall pinton of itae twal in Uie indigo 
-Vn* ^aorbad, a gieatet poittoo of that ni Iha Una, and ■> on ibron^ 
tliB colored mptcm and into lha ianmtit healing i^ bejnnd th> apai> 
mm, lha eitmna nya of irhkh wan antirair ahainbed. 

The relative degnMof beat in lha ipacOtBB fimKi bf a crown 
fla^ prinn, which, however, it muat ba neaUocted, haa almrbad Ifatf 
" ' icfnaented I7 ite uneied iimgnm, in which lha. 



79 i^veaent, neori^, Ihe relativa 

__,. , — „ tea. and of comae the relative , 

degTceaofheal,baij^exfmedb]rdienumbaH written above dieiD: ihu< 
Ihe amount of heat in the nuddla(aibei{iac:oii. the cto^ apace, compared 
wilh thaliatheiuiddleof ihaUiuipaca A, is na 2 to 9 ; with the middle 
df ihe red tftee r, as 3 10 32. The t»iula marked 35, 12. Ac bejrmd lha 
colored ipace r, cotnepood to Ihe bands, in Ihe apecinuni having, ra- 
■peolively. the name temperaiuKa aa lha middle of the yellow,*^ the 
green, of the blue, &o. By paifiog the Ipectrum thfough a Ihickne^ 
of leGS dion a twelfUi of an inch o£ water, contained between platea 
of thin glsH with parallel aurlaceaand free iixHDdel^cla, the beating 
powen of the MV^al njn beoune ■> repreeented in the lower curve ; 
(tooe of ihe heat aooomjiHiiyins tba violet myi having been nbaotbad, : 
» little of that accompaajiiw the blue, and ao on increasing ai Ihe re> 
mngibility dinnniahed, miul in Ihe baod, 3, 0, having ibe same tern- 
peialuK oa (he violet, all tin healiw ra^ were abeorbtd. Different 
■Dadia iiopfiad ibe healing rna in dafierent degreea, thoae of higher 
refractive powen peimitling Ihem to pan more readily thju Ibuee of 
lower poweis. 

Although this subject cannot be considered aa fully developed, we 
are able lo undersiaiid by it, why Seebeck found the point of greatot 
beat to varfl according to ibe maierial of Ihe priein tued 10 iura Ihe 
tpeclrum, being in the red when a phani of crowD glav woh used, and 
in lha yellow when water waa the reCacting material, Melioni found . 
the greatest heal in the orange aller pawing the speclrum tbriBed hy 



n gbua priatn thmugh water, as appeals b 
wiijuQ irie greatest heat in Ihe red and yellow are 20, mu lu me onnge 
iiSl. Seebeck found the point of greateat heat iiL lha yellow, wh«i Ihe 
priam conlained watts; a sufficiently new comcidence with the oh- 
•WBiion of Melioni. if we conaider iW in the eiperimenn of Seebeck 



._^_ . .-- .jpcaed lo ahorptioa by lite ^ua bnoing the hollow 

1 in wbioh Ibe walw waa connuned, and in Ihcaa at Siffaot 
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bf *• «Mm flM praa fa^ aiia 4m> 
tfiitbytwoplalMof glaM«iidlh0.wttevcQBttiii6dbetw«eatheA. . . 

The pawnit of trnmiittiBg tha heatng ncf without abtorptka 
bemg gvMler m the nfinctive power is ^reoter, acoonUng to the bnr 
btibra j r efi afio d to^ we ihould expect tfast in flint gkMi toe i^reaieai heU. 
would lie fitfthoK fieai the violet end of the ■pectranHm plate nd 
tnmm sImh lint itidioQld be «t • leai diiluiee fiom that end; inml- 
phuric acid and eilef t ur pe m iae atill lea: in alcohol and water jtn 
waro r to the riolet end: and theae deduotwot we find, by conauHitig 
thatidiieoQpageSS^tobeeorreet Minute difierenoes» which 'eoold not 
bo detec ted hyiheinit niMMintiif d byfieebeckandotheBitin the poipli 
of sieateit heat aa given by that taUe, wiU probably hereailer appear. 

liie eiperimenta diacuMod in this note authorize the addition of a 
fimrth spectrum to the three colored spectra repreaented in fg. 51., 
namelT, a heating spectrum containing rays whito are leas refiai^ble 
tfian the extreme red rays of the spectrum. 



NaV. _ 

(Referred to ttom page 116.) 

The undnlatwy hjrpothesis representi in so simple a manner the plie> 
nomenft 10 whldi Ilr. xmrng applied his principle of interi(»eiice^tbit 
t have been induced to refyr to it here, with a view to a Mnml expla- 
nation of the hypothesis. The reader will be bietter Mtimed k*he lake 
up the sulpect, as briefly referred to in the 84th article of the text, be- 
iore entering upon the account to be given in this note. As stated in 
that article, the hypothesis of nndulatims supposes aH space, the planet- 
ary spaces as wed as the intentices between the paritdes of oodies, 
to be occupied 1^ an elas^ medium, or ether, which is pot in a state 
of vibratoiy motion by luminous bodies, and in vrhidi impidaes am 
propagated according to the same mechamcal laws, as the impulses 
which, communicated to air, produce sound. 

If we suppose a luminous point 'SuTTOunded by this elastiG medium, 
the partick» immediately about the point hove a vibratory motion im- 
prened uptm them, or a motion to and 60; this th^ communicate to 
the adjacent particles, and thus a wave is ibimed, which sproads about 
tiie pomt as a centre, just as the waves formed by « stone, t^wa into 
s^ water, spfread around flie poim at which the stone struck the sor* 
lace. As these waves would communicate to afloating body which they 
mi^t meet, an impulse in a direction ndiating from the pomt when 
they originated, so luminous waves striking the retina, give the seiMa> 
tion of nght m a similar direction. 

In tile annexed diagram, let A B, No. 1, represent one of tfie directions 
fal which the impidse given by a luminous body, is propagated; we shall 
Aid, acooMmr to the nypothesis, along that line particles of ^ daatie 
medium, or emer, having aU rates of motion, from rest, or when the n» 
tkm is nothings to the greaitest ramdity-of the vibration; and in the two 
opposite directions, flom A towards B, and from B towards A. Forexanoia. 
let the particles at A, D, and C, be at lest, then if fiom A ta D we nid 
mrtides moving towards B, their veioddea, or ralea of motion, will be 
found incr^asfaig between A and a', mid-WMr flora A to D, and then de- 
creasing between a' and D; between D and € the vibtatioii will be in te 
CMHaiy direelioi^ Mmiely,flQmBtowardft A; and the vebeilies «Ai# 
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Ihiw Imw twiAiiDr— <l tiwM bt tw et n V art U in (Maii»dk*e* 
tfam film tliow betw«6ii D «m1 C, and their veloeitlOT bemgiiipMnJ 
equal, their motion* would destroy each other, and the wave would be 
dettroyed, or darkiMM would result The path S T diflen fiom A B far 
the distance S V, or half an undolaticMi. 'the same would be tfie reaou 
if No^ besan one undnlatioa to the left hand of S, or two or more im- 
dalalions, that is if the path ST, No.3.difibred from AB, Na 1. bsrooe 
and a half, two and a half, &c. ondulaticma As the same consequeneea 
wouldibUow, iftheravsSTandABnietttndera»nallangle,we inftr 
(page 115, text) that wnen the dtfierence in the lengths of the patha^ 
of the two pencils of riys, is ^<2 (A D), \ld (A E). 3^<f, ^nx, " instead of 
adding to one anothai% intensity, they destroy each other and pradnoa 
adaikspot" 

NaVL 

(Belbrred to flrom page 190.) 

IVofeMor Hare has observed, in relatioii to the transluoency of gold 
leaf; — ^*'Gold leaf transmits a greenish light, but it is questionatde. 
if it be truly tranriucent. Placed on glass, and viewed by trannnitln 
light, it appears like a retina. It is erroneously spoken of as a oontiinioiBi 
superficies.'* The nature of the {Mticess by which gold is reduced tD 
leaves, stren^hens this conclusion. 

On examining gold leaf by the solar microscope, I find in it innumer- 
able rents, and also various gradations of thickness ; the rents have 
tiieir edges colored, a blue fringe appearing on one side, and a reddish 
brown on the opposite side ; the thicKest parts transmit no li^t, and 
through Ae very thin ports a delicate ^reen light is transmitted. The 
waxfuie Aus exhibited is very beautiful. The rents are visible Id tfaa 
naked eye, when the leaf is very strongly illuminated. 

NaVn. , 

(Referred to from page 237.) 

The folkming dan^cation of colored bodies is alluded to in Ae text 
•■ given by Sir David Brewster, in the life of Newton. The colon of 
meti of the classes require, in his view, to be explained upon difisffent 
principles. 

1. ** Transparent colored fluids, transparent colored gems, transparent 
colored glasses, cokwad powders, and the eoh»s of the leaves and floweia 
of plants.*' 



The colors of these bodies are derived from die absorotion of parti( 
lar eokired rays: thus, water at great depths appears red by trsmamitted 
lights owing to the absorption of the blue and yellow rays which with 
the red coMtituted white light ; certain thidmesses of smaltpbhte glass 
appear intensely Mae by traasmiited light, while at greater thicknesses 
the glass appears red. In the case of opaque and oebred bodiea, as in 
the leaves of plants, we are to suppose certain rays to be absorbed by. 
the indefinitely thin film througn which the nys reflected from wm 
surfaee may be supposed to pass, the oomalementary tint being refloctsa ; • 
as aU the ineident Uffht is not reflected, the trsnsmitled tint will be ooo^ 
plaoMBwy 10 ^lecoMrs absoited, and thus the body will appear of die 
cater by both rsjadsd and issnsMittad light Ceiwed 
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a in tb»aua of (ha p«itide»i 
of t^tindor AUspar, ookn ofindoai 
M opalsMaM*. the ot^m of Iha leatben 
- ' >f the Haln of tUm." 



] ne'wnniaa theoiy ia itricIlT aiipircBble.' 

3- '•BapettcM coins, u flHe ofjnotbOHTf-pMri and *BiMM NIL 

■■ OpilMc(4)o(M and toton m oompoaite ciyalda having dookia t*- 

■imoD and polaiind B^t> bf 
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6. " Cokwa «t Uis aurfacca (^ media of diflennt dhpeiura 



No. vni. 

(Baftned to ftoot fata SSI.) 

«■— Wli rw anen UbMHea veif pMftOly tha ftct nf ib» dBniion oT 
OBooaaidaDfAeoard, »i~.t~Hn«.— )yij.[fffi~'*—f'"*-^""' 
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Na DC 

(Rtlbmd to from page 961.) 

Referriagto hii new analysis of the solar spectrum, 1^ Bsvid firew^ 

IT livances the ioUowii^ hypothesis to account fat certain of lh» 

ues just detailed.* 

**Bf Bnaos of this analysis we are now able to explam the )^ 
nomenon observed by those who are insensible to pturticular ookHii 
(£din. ifooin. Sc. Na jDX. old series. Na IX, new series.) The eyes 
of such perKMM are blind to red licht ; and when we abstract all the 
ltd lays iixMna spectminooQstitutea as alreadyt described, there wiU bs 
Jaft two oolong Mice and yellow, the only colors which are recognized liy 
those who have this defect of vision. To such eves, light is alwavs 
•een in the red space ; but this arises from the eye being sensible to mt 
ytUnw and Uue rays, which are mixed with the red Ukm. 

Henoe blue light will be seen in the place of the vtMe^ and a neeniah 
Mttow will appear in the orange and red spaces, or, which is m ssme 
thing, the spectrum will consist only of the yeUow and the blue spectra 
The physiological fact, and die optical princi{de, are therefiue in poriect 
accordance; and while the latter gives a precise M:plMiBtian of the 
Ibrmer, the imner yields to the latter a new wbA an nneiqpected mf- 
port" 

The details of the casee referred to, iuUjr sustain this fiondosio^ 
Tliere are other circumstances connected with them, and with <MfaeiB 
described in the text, page 260, not unworthv of notice. 

In the second of ^e cases described in tne Journal of Science, Na 
XIX, although the individual never failed to detect a full blue or a 
full yellow, he seems to have had very imperfect ideas of those colon 
when presented in a state of noixture ; green, as such, he did not know, 
and wnen blue was diluted with yellow, farming what to a good eye 
would a{q[)ear yellowish green, md blue tint esci^)ed him, and the nux« 
ture iq;>pc«red yeUow; m like manner, his discrimination of yellow, 
when mixed with blue, was very defective; he called grass green 
yellow, and jret yellowisk green appeared to be "yellow vnth a goud 
deal of Uue in it" This remark omt serve to explain why the same 
white seen at difieient times, appeared to him to vanr in its tint, at one 
time being white, at another " white with a dash of'^vellow and Uue," 
at another ** white vidth yellow and blue in it** when requested to 
arrange colors so as to produce the strongest contrasts, he divided them 
into two classes, to one of which he gave the name of blue, and to the 
o^ber ffeHou}, In these contrasts he invariably placed v.iiite among the 
blues, and was never perplexed, as in the preoeain^ examinations, whin 
tsskii^ himself as to the precise shades. That vs^te should be rlansad 
by him as blue, appears consistent vnth the other observations, ftr 
being blind to red ught the tint of white should be that winch appeals 
when red is removed from the spectrum or a bluish green, which tini 
he saw as a blue. 

In examining other cases we shall find reason to be satisfied tfaaft dui 
blindness extends to light of other colors than red, and that in those 
cases also there is a want cf discrimination between shades in mtxtnras 
of the oobrs to which the eye is sensibla The Plymouth taikv, wfaoaa 

« MUnburgk Trana, Vol. XU. Fart. L, or Edin, Jbamcl^ Mtrnt, Rd^ X 
aswssries. 

t Bet text, p. 00. 
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tiithdawribedlyMr.H«vey(MepM»a60^ta(iO,Miniinotto1i«f# 
liMQ entirely blina to red light, and to nave been in a roeamra blind 
to blue; thni the priiniatic tpectrum appeared to oooiiat entirely. of 
yeUow, and Ugkt Mue,* the red, orange, and vellow epaoee appearing 
aa if red had been withdrawn irom ihem, Wnile the lull blue, the in* 
digo and violet were ligfu blue, and dark blue and indko Kufli ap* 
poured to be i^oc^ and criuMon was either 62a« or UocL Adarkgraen 
he regarded aa ftroton, by which, since he wae blind to red li^^ he 
must liave meant a ehade of black, and li|^ green aa orange, by 
whidi, for the reason just stated, he meant a variety of yellow. Tha 
blue in both these mixtures escaped his perception. 

An extreme case seems to have occurred in the vision of Mr. HairiiL 
of Ailonby, who, according to the statement (Xf Mr. Huddart, oould 
onhr distinguish Hade fiom white, or was entirely blind to colon. 

n is much to be desired, ibr the elucidation of this curious sul^^ect, 
that more well examined cases were on record. The coloca ot tha 
apactrum aflbrd rigid tests, not to be finrnd in colored stufls; and by 
auch tests only, the minutis of pecaliaritial of visioa can ha wlisftc 
locily datennined* 
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ADVERTISEMENT. 

The object of the following Appendix is to place in 
th3 hands of the students of our Colleges, a text-book 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics. 

*rhe work of Sir D^vid Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed from experiment and from theory, applied to 
the investigation of the different branches of Optics. The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly in what relates to Reflexion and Refraction* 

It may not be amiss to state, that I do not present, to 
the notice of instructors, an untried course, but that most 
of the propositions in the following ^ages have entered 
into the mathematical portion of the course, taught to 
the Senior Class of the University of Pennsylvania. 

The works in which the full development of these 
subjects may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Rdlexion and Refraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will find the subject treated by the most general 
methods in HerscheFs Treatise on Light. 

A. D. BACHE. 

^LAiffiLPHU, Marckt 1833. 
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kEPLEXION. 



CHAP.L 

SEFLEXION BY BP9ERICAL AND PLANE MIRROKS* 

(1.) In oonsideriiiff the cases of reflexion fitmi qiherical orplan« 
«l^ftoe8,ti^ divisions will be DMde: in the first, the a±is ef tiM 
incident pencil will be supposed perpendicular to the isorfiwe ^Hm 
mirror, in the second, oblique to it ; in the first case the pencil is 
termed (iirec^ in the secom), obtiqtte, 

0i,) Prof. I. To detexnine the farm given hy r^xUm to a simS 
direct pencil of light, proceeding front a poirtt in the dxta ifm 
mirror. 

Case 1. In Ji^, 8., p. 18 of the text, let A represent the radiant 
point of a pencil of dhergiTur rays, F its focus, and C the centre- 
of a concave mirror. Call Au « tc, FD s= «, and CD » r. Thm 
KDffle of reflexion FMC heing. equal to the angle of incidence 
AMC, the line CM blseets^the verfiCal angle of the triangle AMFx 
whence (Legendre*S Geom., Book III., Art. 201., or £u(£d, VL 3.) 

AC I AM II FC : Far, or 

4C _ FC 

AM FM 

• The pencil being, by supposition. Very small, the point jMf is very 
Bear to^ A benoe fiir the approximate yaloe of AM wf» miy |i^ 
AD, and fo that of FM, FD. The equation just fimnd beeooMie 

AC _.FC 

AD FD ' 

By the notation adopted above AC » AD — CD » u — r,'iiiil 
FC pm CD-" FD «s r-^v. We have therefore 



or 



1 = — — 1 , w^nce 

u V 



* Tbroufhout the Appendix, the student te auppoied to be acqnaintsd 
with the corfMponding ehaptera in the boUy of the work. 



10 OOHCATS MUUtOBf. AVraiMZ. 

dlfidiflf by r md traiwpodiif 

J- + JL = jL. ....(.) 

(S.) Cab % We next proceed to the oaee in wiiieh a emu m gimg 
peneil ^mpon a eencoM mirror^ iFff . 10^ ^ 5N) of tiie tezL 

JJIf^ AAT rep geee ntfa iy the two extreme rays of the pencil, cob* 
wgh^ to A't the ioitffuiarr ndiant point, MF and AF are the 
jMteeled raja The radiiw CM therefore biMds the angle AMF, 
tiM outward an|^ of the truiiflft ^i'lCF, and (EncVL A.) 

AC FC 

— ^JJiF' 



M Sk A'M and Fir we mi^ mhrtitoto A JO and FA ^mr ap. 

pMaoMle iralMi^ whenae 

Jt^G FC 

AD ^ FD * 

Using the notation before employed, A^V a tt, FD » «, end 
DC «■ r, whenoe if C b u 4. r, and FO a r — u; theee valiMf 
Mhititated in the oqoation just fhond give, 

— -J— si , or, 

u 9 

r r 

^ +±^± w y 



n » r 

(i.) Con^iaring eqoation (b) with (a) we 6nd that it diffisn frooi 

it only in the ngn of — which is poeitiTe in (a) and negatin in 

fb) \ hdCh ttaee easee iitey« tbereftre, be renreeented by the MUi 
ti piitk m, if we egree to gite the poiittfe sign to the diMnioe of 
the radiant point for diTerging rays, negative for co n ve r ging nyi; 
that is, if we consider the distance (u) positive, when the radiant 
^p#bt is in front of the mirror, negative whcoi it is bcdiind the 
inirrof. 

J[^then,ltt« r ep res e n ts the ^rtmceeftfaeradiaiit point frem the 
mirror, i. will denote the degree of divergency or cooveigenejr 

^* I 

of the incident rays. In like manner, — will iraresent the tab^ 

■9 

wgenc^ of the reflected rays. FVom eqoatioiis (a) and (b) 

1,1 2 



Ottfu 1«K . ]|BVXdiK|[02f . It 

wlieie r k a eensteiit qimiititj; « reittlt wluch ma^ be tiMw «>. 
prewod: li^ dinmrgtuuf (er c g iiueiifWic y) «/^^ tiieuieiit myt to- 
gether with the eonvergency cf the re/MUd rtnf$ i$ « emutami 
pumHty for the same mirror* The (mrvature of tiie minor ki 

measured by — ^'the reciprocal of the radios. 

(5.) Cask 8. iHoerging rays fidfio^ ape»a oencex-minoti. Fig* Ukt 
p.21«tezk 

The Une CMt bisects the oatward angle of the triangle jiMF^ 
whence (J!^ YL A.) 

AC FC ^ 

AM FM 

tnbstitatiDg their s^iiproximate values ftr AM and FM, 

AC FC 

AD ^ FD' 

and by thmrttatinn adopted in the case0 already conAlertd, 

!L+I = L=£ , whence 

HO 

J 1 2^ .y 

u V r 

On <ViBHparing this equation, ip which we have made — poal- 

o 

tife as it oorrei^onds to a real radiant, with (a), we perceive that 

«lw signal^- both .1^ and .— are ^fieteni IStomibmSgmetiW 

« r 

cbserve that • eMfespands to aa imaginary ftmsi mod that the jr% 
iiiia ia jnw behind the miixoc* £<|aation ta>majrt then, be used 
to represent thb case if ikt mtp of the radinabe (&aaaa4> tb» m 
aultiii^ negative value of the &cfd distance corresponds to a fysm 
behind the mirror. 

(6.) Case i. CotiiHrgiugnjn Ming upon a convcap mirror. Tins 
Ibnnula for this case may be deduced ftmn ^. IS., \£ BM and 
Jl if be made to lepMsant the inoident, and iir^ iV^ the reflect*^ 
rays. We shofild hav» ly ygpceeding as in the last case» 

FM am' 



FC AC 



I 



FD AD 

and sinoe FJ> » te, F beUig the imaginary ituttint pointy antf 
JUOm^Vt A bwng the ftona; «?«r— «, and M^r^v 
whence 



K comrxx ]aBsos8.*-OBifnAL fosxvla* ATfOtvoL 

_JL + J_ = _A (d) 

u V r 

tiia firit term beii^made neffative to correspond to the case of 
p$ta0ng, I10W* Ti^ &r^u^ di^rs froip (c) in the n^ of 

]ii^i^.iviuph wat negative in (c), and in that of _. . Tlie figure 

•hofwi that V in this latter ci^sp corresponds to a real locus, white 
in the former ^o de«ot^ the distance to on imaginary focus. 

The change, of sign in ~: conforms to tiie remarks made io 

article (4.) 

(7.) Comparing the foor eqaatioi^ (a) (b) (c) and (d), we per 
ceive that the formula 

JL + i. = ^ (,) 

u 9 r 

may be made to include them all, by attributing to «, sndf*, respee. 
tively, the positivD sign when the radiani point oi the centre is m 
front of the mirrur, the negative sign when' either of these points 
is behind the mirror, and by considering the positive value of o as 
corresponding to a focus in front of the mirror, its n^^ative v;^ue 
to qae behind it 

(8.) We might have commenced by givinv to the student this 
%auwmlMiml node of ooMidermf the qyaotiues maAd in the Wl^ 
alysis, and then have deduced the general equation by reference to 
a si^le diagram : we ha've pr^Nrred in the ou^tset to shovhimthit 
the variatioiis ki the algebraio^ ^gns am not arbitarj, bat requM 
fcy the geometrical refaSiptis of th» quanlitiPH 

From the formula 

-L 4- _L= A <1) 

u t> r 

we deduce the geperal n^, that ^tm mm of tfts ^ergmtdet^ of the 

(9.) Having obtainedan eq)iiatioii (1) repressing the relation be- 
tween the distances of the ira^fpt pmnt ai^d focus of a small pencil, 
by means of the radius of the mirror, we shall proceed to interpret 
it in its application to difii^rent kinds of mirrors, and under difSnent 
droumstances of the incideuA pencil 



• '. ^ >.^. ' - ; ' ' . , . I '» ■ , ' ' ' I 



^ • Thai Qj^nv^i^t terip^expr«|aiB|L as U?e eass may be, either divergent 
or eenvergeney, U proposed add useubjr LleVtf ia his Tkvsillse on Lttht aad 
vision. 



<MMf* fi^ ^ REFLI5»0]ft^-HPI«Ara JfJOUtOHS. If 



Prchp. II. fb'iiitinjitiiltfleftf jbfm j^iMiiip « JMoffjpeiisiItff m^v 5y 
re/Uxion from u plane miirror. 

In the pbne mirror t^ ■adius is hifinite, or — b o ^ wEenoe 

ftoma). , ' . ^ *" 

— + -r- = • (9), or, 

V SB «• 

' "'-1*. ■ • '■'• ' ' • . 

The £)ci]8 and radiant point are at equal distances firom the 
ini)p^t'batoao|tpdsitoaide»df it .. 

, (1(^) Ifjparc2{eZrajefiUIi^xmthfirairror u =: QQ,andi)8s»*a), 
or the reflected rays are paralleL This corresponds to the caad 
npreeented VKJtg» 4., p. 15, text. 

;; (IL) If the Tsys diverge before reiSezion, the fttrmola 



': ' '/ iU 



9 U 

whawB that thej will be eqnaQj divergent aHer zofl^xiom; and ' 

that the fbcos is an fior behind ^e mirror ak the radiant point is in 
front of it. Fig, 5., p. 15^ text 

" -(isifi) i'or converging iays {fig, 6^ p. )l^ text,)'© talces^the xien 
tive sign, and (2) ^conies i ■ , . , . y 

1 '■-! • ^ * 

t- — 4- -~ 5^ a ..■ ..(;5>, Whence, 

' A J. ' 

♦ 

.'- The.aign of t>'bekgpo«livttlhe^ci«iflTe«J, tt9:dist«iieerO in 
fitjnt of the mirMu* is equal to the distance of the imaginary ra- 
.diaotppint behind it^ . - . -; t - ' _ 

(13.) Papp. in^ Reflexion af a ^smdU pencil cf, ligH hy a cineave 

% KfWftW". . ■ ^ ^ . ' .;.!'•' 

, The ^Hrmnla which i^lief to this disc is, - 

' ■■ ■• " '"1 _:'i • ■ 2 ■■ ;,■ ''"-''' '^-^- -^ 

— — -|- ss ..... (1;. ..-*». 

I Bjjtraniposition 

' X- ^_X=*5!±ir,or,^ 



V s= 



2tt — r .-:■}■. i'' ::. :': • . « 

B 



14 «diioATB itmmam» Anmmmt 

(14) Whn IbB ntyi m jwrcZZeZ — r^^. And 

1 3 



— = — , cr, 

V r 



9 = 



The ngn of 9 bein|^ poohhre shpiws that tbeftcosMinfitatol 
the mkiur, and ite Taloe ^ , that tha Ibeal distenoe ialulflhi 

MitM. This is represented in Jig. 7^ p. 17, df the text, when 

FDmniCD. 

The focus of paraHel rays is called the |irtfid[paZ focus. As it 
as a point of oomparisoa for the foci of odier rmyw, we dull 



^ y ranmua {i) oeooines 

i + J_= 1 .....(0. 

U V f 

Q5.) Tim next case to he oonndered is that ot dio^rgiiig ap» 
In ibaM, « is positire and the formula is 

1.+ 4- =4^ •••••«). wliwioe, 

U 9 J 

J^_ 1 1^ 

9 "jT « 

As Vmg as « >/, or the point J. in Jig, 8., p. 17, is firtbtf 

timi the principal focw fiwn Z)*, we hsyo •— . ^ ■ ., and -. 

u f J 

.^ ._ is a positiTe quantity, or the rays oonTerse after xe* 

flexion. Since ^ .. — ^-i., we haTe —^^^ , and 

/ « / D ^ / 

o >/ or the focus is ftrther firom the mirror than the priae^ 
focus. 

If we suppose, hesideSfthat A is heyond the centre C, we hafs 

« > r, and _ ^ JL , whence -L ««_,or-? —>- 

t» r f u ^.^^^ r n f 

1 1 1 "^ 1 

,or>. — , and —^ _, or » <r, the focal distooe 

r r 9 r 

M Itas than flie radios. 



We infer, ttm^ tlist r«ys divarginf from a poitt fe«]r«ii the 
centie of tho minor, are ejected to « point between tbe pcii|otpd 
ibcus and the centre. 

1 • • 1 
Aa — diminJKhee in Talne, eridenily mutt incieaae, or. 

as u increases, v diminishes, and vice versa : that is, as the radiant 
point recedes from the mirror the ^us approad^es it^ apd .vice 
versa. When the radiant point becomes infinitely distant, ^e rays 
ai« ptnMl* fMl their locus Is tbe principal ibeqs. 

We have seen that as hug as the radiant point is fitfther fiom 
th6 mirror than its centre (that is, tc > r ) the ftcos oamiot eiftineWb 
with that centre (<Hr o < r) which it approaches. If u b= r, or tbs 
fidiaql point coincideB wiUi tlie centre, then .. 

1 — ^ 1*2 1 _ 1 «. 

9 ■ f r ^ r . r r ' * * 

and the rays are reflected to the centre. 

I^ the radiant point noW paw the centre towards the Fi;Jneip^ 

ftcu^ thut 1% let »< r, and at the same time t« >/, of — >. i 

' • * t f^ ■ ' ' f 
•ndJL^J-. ance.J,<:JL,, J-^ L isstiliaposith* 

quantity; the rays are. therefoie, still brought to a focus: but 

smoe J->±, JL_i- or A L^j,^ whence 

tt r / » ■ r tt r 



1<^ 4bd«>r; that IS, tbe focus Mes begrond Hid Oflirtveb 

When the radiant point coinddes with the prindpal focus « vs/ 

vfaBnee^ _ ss — 7. » and .i... ±= -;^ -^ ._ s= su or » bs a> • 
u f V f u 

the rays are rendered parallel by reflexion. 
If we suppose the radiant pdnt to approach sdll nearer to the 

iBttvor, sath^ n </, we hwe — > ^ , wheoise ..^ ^^ -L is 

tt / f u 

negative; that is, — has a negative sign, or tbe focus ill 

jpaginary, the rays diverging after refleidon. The diverge^iey 
of ibe reflected rays is less than that of the incident rajR% 

for Jl = _/J ^\ , and i l.<4-- *^ * 

9 \tt // tt y* 

vetgency before reflezioQ. 



16 ctanmc icnnfoxs. Amsmm. 

• (Kb) flar te eaie t£eom9rgit^ rayi fafiifi|r upon a con^aM mir- 
ior (jig. 9^ pw 19, test,) W8 make, in ihniMilfr<4), v negative ; whence, 

-i — ^= 4- (^>«*>'« 

^ - JL 4. i-. 

The i^;n8 of the quantities on the right-hand side of this eqna- 
• tkn being both podthre, JL Is «lwtjni positiv«^ C untfeigm ^ nyi 

Me, therefine, always brought to a ibcus. Moreoiver, ainoe —+ ~ 

« / 

>. _ , Jl > _ , or the esnvergeDey is grSater after, tiiaa be. 

ftit, icBezkuL Since JL ^. ^ > _. , — > -L >nd v </, 

u f f ^ f 

whence the fbcos of converging rajs is nearer the mirror than the 
principal focus. 

Sobiiitiitbg, in equation (5) ftr — , iM vdue _ « and trana 
t / . r 

posing — , we have 

' J- = A + JL 

whence the value, of « is 

' V = —— , , 

agreeing <irHh>tfie Kile OD p. SO of the tett ;. ~ ^ 

n.7.) Paof. IH, R^fiwon rf^ a nnaU p^ncU qf *ay^ Im « conoeat 
mirror. ' ' " 

.la this efise,^^^ the radius of ih» minoiv takes tiie n^gat tvaigs^ 
and equation (1) bdeomes 

I « ' '.' 9 " ^ '■' 

— + — = -— («)• 

.« V ■ r 

' i (ta>-J'or jMrsM rays C%> ll-» P^ dl,1ekt,)^^ ^ A whe&oa 



tf 



I 2 r 

« r 2 



The Ibeus is behind the mirror, and alt the distance, from tiho 
WBBtex, of hfdf the radios. 

If we caH the pxincipal fxaX distance /, the formula for the 
flebaott^ «^^»«^>irexjuiiror becomes 

JL 4- JL =a ^ 1 



7--ir = -(T'^ it)' 



1. = - ^ 



and thereftre — is always negative ; audi raTi cliferge after ve* 

fiezioa, and ainoe -_ -f ^_> — ,or _>.-L , their di- 

/ u u 9. u 

YeTgeney is increased by the teflezioa. ' 

(20.) Figure 13. will, as has already been sftited, represent the 
case oriP eonvereing rays fblling upoix a eonvex mirror, if we sup- 
pose BMf and Biy to represent the incident rays, meeting in the 

imaginary .radiant point F. To express this ,c»i« anidytiipajUyt » 
m^ipt fie fime iH9gatiye» and the ^iraiuJa is 

Tim position of the fbcos, as shown by this equation, passee 
throi^h variatibns, oorrespondlhg to those m ^e case of diterg^ 
rays falling upon a concave mirror (Art 15.). 

(21.) It is some^mes convenient to refer the'cUstance of the nu 
diant point and ^iis, to the centre of the mirror, instead of to the 
vertex, formula (I) may be readily transformed into one w^ch 
shall refer to the centre. 

Prop. IV. To determine the relation of the dittanee ofthefocut and 
radiant j^nt^ of a smaU pencH of rays, from the centre, qf a 
mirror. 



By Jig. 8., p. 18, text, it am>ears that AD = AC + Ci>, ^ 
~ CD-- — --" ■" - 



FD^CD--CF. CallingilO«K'and^»«'« CZ>,js be. 
fore, BE r, AD cs tf, and rD cs o ; we have & &= u ^ -). r, and 



Substitating these values of u and v in the equation 

J- -I. J_ = -£- (1), it becomes 

u V r 



t2 




1 
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Mi^hif tin oninHiiii rtiTimlinfirtrtk t ^piti^ftff «o bolhndii 
of the ttpmtiimt and rfduciof , we have, 



r — V u -^ r 

ir-Jr=A (9). 

(23.) Thii equatioa is the same in fonn with the one Amid 
mim Ibe dktmoee were eatimated from the veitex, ezeept thit 
flie aifn of »' is nentive, the diatattoea tf and ^ hiOMg now 
leck o ned in opponte wectiona. 

Equation (9) m^bt have been deduced direcdy from the rdation 
afthe lines All; i^^O.CF,^. a, in the triangle iOfF. Tha 
a ol nt ion of the question by that method, would wife been more 
■imple. 

(23.) If we snbstitote &r JL, in equation (9), its value i , we 

have 

V if f 

From this equation, may be deduced the relation expressed id 
the ibUowing prqxwition. 

0i^ Pfcop. V. The dittance of the principal foeui of a mirror from 
the centre^ to a mean propor t ional between <^ diitaneee ^ tie 
ra di ant point and foeue ifamf omaU peneU, from tke'prinapal 
focuo, 

Eqoatioii (10) gives, 

•' / ^ u' fiif 

^ = ^-^ . , whence, 
fj^vl 

in whieh proporticm f^^ rf represents FO {fig' 8^ p. 18, text,) or 
CO — CF, and u' + /, ^O or ilC -f CO. 

(25.) The subject of reflexioii at dia*ved surftces in general, will 
oe treated briefly in a aubseqnent chapter. The proQKties of the 
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.tmrhi^m ftrtned bjr 1^0 leroiatioii of tlie pankois «id itfyte alwut 
their axes, are readily usderstood, from very aimple gMmietdml 
oonuderatioiis, and gain nothing by being presented uialytioa)^. 
They will, however, m reftrred to in another part of ^ia Appaidix. 

(36.) We paiMi next to the reflexion of a small Mi^e pencil by 
a ^[^erical mirror, on which subject two propositions wffl be 
giv^i ; hi the first will be^ considered the c&se m which the axis 
of the pencil does not cross that of the mirror, and the pencil falls 
upon the mirror near to the vertex, and in the second, the case 'in 
which the axis of the pencil crosses that of the mirror. 

^.) Prop. VI. A tmaU pencil bailing it9 radiant point out itf tke 
axis of a mirror^ meeto the surface near the vertex^ required the 
form of the reflected pencil. 

Fig»Ai 




Let LMN represent a seetion iof the mirror, made by a dane 
pasdng through the lines MR and M7, or throngh the axis ^the 
pencil and the centre of the mirror. RL is an extreme ray of the 
pmril incident very near to JIf, LF is. the oonesponding reflected 
ray, meeting the reflected ray JIfF, which corresponds to the axis 
of the panel, in the point F. F is the focna of the pencil jLAY, 
in the plane of the section RMC 

(28.) To determine the focus of rays which n^et the mirror in 
a plane perpendicular to RMC; suppose a plane to piuM through 
RM at right angles to that ^f the figure, this plane will cut moo. 
the pencil, RLN, two ni3rs, which reflected will meet the axis, JtfF, 
of the reflected pencil, in the fixsus required. I^ now, a plane l)e 
passed through one of the incident rays, just described,' and the 
corresponding reflected ray, it will pass tturinigh the centre of the 
mirror ; the hue RC^ ioimnff the radiant point and centre, will be, 
therefore, its intersection wuh the plane liMC containing the axis 
of the incident and of the reflected pencil ; and the point, F\ in 
Which RC produced meets MF^ will be the point in which the sup- 
posed plane meets MF, that is, the focus of the reflected penciL , 

ITie fbcus, of the reflected pencil, in any plane between RMC 
and the one at right angles to it^ will be fiwnd between F and F*. 

^GMdiAfton terms ths former of these planes the friniaiy fiane; tM 
atter, tlie $eeondarjf platie. 



<») TV> aitemiae, tMlyeoaHy, Ae porffim of Ihe point F4 
4»ir ftom the Tertest iif, iHX end MZ perpencUcukr, reapecUfefy, 
to JSI. and LI'; al«o from C, Oi» and CQ perpendkolar, re^wo- 
tivfllT,toilMandJirK Ai theucUfisvery sonfititnuiybeoQa. 
liderad a itrMfht line pei^Ddiculir to the radius CZ>; wbeoee Ae 
incident and reflected rajs making equal angles with CLt also make 
equal angles with JJC and the triangles LMX and LMZ are 
•imikr. But they have the side LM oonunGHy hence they «re equal, 
and ilOris equal to MZ. The two triangles CPMvad CQM heisf 
also equal, CP is equal to CQ. And since CT and CS may be 
eonsidered as perpendicular to RL and LF, they may be takeuas 
equal. WhenoePTrs QA By ihe similar triangles RPT&d BMX, 

RP I RMi: PT: MXi 
and by the similar triangles FMZ and FQIS, 

Q/S I MZ II FQ: FM; 
whence, since PT» QS; and MX^ MZ, 

RP : RMii FQ : FM <e> 

Let lUr » ti, MP s «» CJkf CB r, and the angle RMC -> f . 

Then, 

RPtmRM'-'MP^RM^CM. cos IWC, or, 

RP t=zu — r cos ^ ; and 

FQ^MQ — MF^MC . cos OMP — JfF, or, 

. FQ s= r. cos — tj. 

By substituting, in the prpportion (e) i^bove, far IZP, and PA 
file values just found, and tor RM, and FM, u, and «, we haTe 

ti — r. cos ^ : tt : : r. cos ^ — e : V, or, • 

u^r. cos » _ r. cos » - e. TKuU^^g hy r, 

^_cos^__ ^i_ J_^ attd 
r tt » r 

2!!i + 52^=± (11), 

V u r 

whence, 

ur 

e sar 



2u 

— — — r 

COS'^ 

(30.) To interpret equation (11) geometrically, we should ob* 

serte that the ratio cifMX to RM, that is, ( ~.\ , measures the 

\RM f 

divergen^ofthe incident pencil LlZiV; But in the triangle JCX£, 
JUTs ML . cos LMX, and since the angles XMR and LMO 
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are nearly ri|^ ^mg^ LMX is nearly 'equal to72JfC, or MX » 
ML, eo6 f, — , therefore varies with "^^ ^ , which, oonse- 
quently jueasures the vergency of the incident rtys. In Bka 
mainm', ^^ f. egresses the vergency of the reflectad penciL 

We infer, then, from (11), that the sum of the vergencie9 ofikt 
incident and reflected pencxU w a conetant quantity. 

If SB 0, or the rays proceed from a point in the lurit, oof 
f =^U And ibrmula (11) becunes 

u 9 r 

afreeing with eqnatioQ (1). 

If therftysaiejMjti2{^ .^^ = e, and 

«»♦_ a or 
• r 

» r-« ^ . eos ^ 

(31.) To find Uie ^osstton of the point F', for tAe jiIcim ftrfm-^ 
tfietiW to J2MC, we have, in the triangle iZMC, / 

JCO I ilO; :: sin ilOSC : sin MCJt, or, 

«Umg the angle JRPA Oi whence JIfKC «s d — #, 

' r : It : sm (» — ^) : sin fl, 

r sm (g — f) 

' u . Bind 

aiid^ by slibBtittitiiig forsin (9^- f) its vahie, 

r si n y cos ^ — cos g. sin ^ ' 

ir*^ ' sin tt 

If MP' be called i/, we may dedncie firom the triangle CMP' 
by a method similar to that just nsed, 

• ^ _ s&i(0 + ») 

v' smO 

r ^_ sin ft cos ^ 4- COB 6. sin ^ 

1/ ""- , sin e 



' \ 



Adding together the values ftund fiir JL , and -1. , and r5. 

dneing, vre fiild, 

-I- -i- -1. = a.coB^,ar. 



oBUora niron. Axttaaa. 

_1_ . J_^2^oM (12). 

» »' r 

Since ^!Li representa the verg^eney of the ineident rayB, and 

u 

^°*^ that of the reflected raye, it w evident, from (19), tlirt the 

■am of theie quantities, for ^e incident end reflected raji, in the 
■econdarj ptanie, is not constant for the same miiror, bat depends 
upon the angle, 0, of inclination of the aids of the pencil, to the 
iuis of the inirror. 

(32.) Pmop. VIL A smufU obUw P^"^ cro$9e$ the axii h^trt 
meeting the mtrror, re^tiircfi the firm of the reflected feneU, 

Fig.B. 




In the ^^me, 12 is the radiant point, RL the axis of a small 
pencil, of which cme of the extreme rays is RN; MC is tjbe 9A 
of the mirror, which is cat by- RL at the poin^ D, F ii the foeos 
of the reflected pencil in the plane RMC. F' (found as in ths 
last proposition) is the focus in the plane perpendicular to RMC. 
In this proposition must be foond, besides the distances LF and 
LF\ the point F, at which LF cuts the axis, and the rekiioa of tfa^ 
angle LYM to the angle LDdi, which latter ang^ is given. 

Call, as in article (29.), ii6s:tf,£rli'te«, LF* ^tf^CLzs^ri 
ei90\^MY^x,MD=.h. 

Since CL bisects the angle DLf, we have, 

YL : t>L :: YC : DC, 

or, taking for YL and DL, ihs distances YM and DM, mbkk are 
nearly equal to them, 

.YM : DM :: YC : DC, that is, 
X : b ::t— « : ft — r, or, 
' r — X fe— r 



or. 



-l--r. JL=3 JL-. ^ and 
X ^ r ^ r TV 



OHAVkll. 



vmrnuoTx* 



JL 4- -L— J. 



3jl 



a«). 



An equation firoro wlilch x maj be determined. 

The apfmaumate Talue of the $3aA LYM may be obtained bj, 
■ypfKwin|r tiiat the tangents of LYM and LDM are to each other 
ae toe diwancee YM and DM^ or, 



tanF 
tan!) 



YM 
VM 



X 

T 



The duiancea LF an^l X^' will be gtven, aa belface, bj tiie 
•foatioiia 



COM , «»^_ 



2 

r 



« — (11). and 






+ -y 



l:^22!i .,,,.(!». 



CHAP. H. 

rOBMATTON OF IBIAOES BY EEFLEXION. 

33.) In discnaaing the aabject of &e ibnaatidn of ixnafea ^r. 
reflexion, the aur&oe of the mirror will be aaamned to be 8ph^cal» 
and the moet uaeful ease will be soUed; namelj) that of a plane 
perpendicnlar to the axis at the mirror. The objects, of which 
nnagea are to be ftrmed by mirrors, when not plane, are generally 
of irregolar fimnp, and the ima^ can he feond^ only, uy points. 

IlJIOP- VIIL 7b det&nmm tie tn^ge of a 
the "uxia of a mirrw. 

W%g,0 




In the fignre, let KN be the intersection of the plan6 c ous t ituthy 
ttie object, with a planepassfair tii^v^liie axis of the m^nor. It is 
evident that if a limafi peacU of raye be^uppoied to yoi ss d deaa 
each point of JIfiV; and the severd ftd of the pen«le:aiie Mnk 
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mined, the MweoiHgge of the poiiitB fiias fbubd win gire ths 
imafe. From JIf and i^, throagb C, the eentre of the mirror, draw 
MB Bjad NA, the fpEee of two pencBp of rays from M and JV, and 

ri which, th^refhre, the fhci of the pemnb will be foond. Let 
ibcitf of the pen<^ of whieh MB Ib the uda, be at m. 

B/ odr former notation, (art 21.), MC =u\Cm^ i/, and CB 
wm r. Call CEt the distance of the object from the centi^ of ^ 
■lirnir, d; and the angle MCE^ ^ : then, iinoe 

CE^CM, oosMDJB; 

li sac tt\ COB I, or, 

d 



tt' = 



COS 9 



T\m Mneral formula, for the rtelation of 4he dist^noe of Ihe !&• 
pomt, and of the focus, from the^eentre, was, ast (33.), 

J. -.1 jlJL 
and, wb i liltiling the Tahie <^ tt', just fomid, 

The polar equation of a come section, the fodus being the pale^ 
k fffMUig^ Amahft €bom^ Oiap. y *) 

r sz JL : • or, 

> \ ^ e , 009 ^ 

1 1 , e.eos c# 



r ^(1 — «9) • il(l— e^) 

'Tbb equation will be identical with (14), if we suppose i- n 

.1^ , , = — , . = — , and « ^ 9. 

7 il(X — e2)-. / •il(l-.e3) ^ • 

The image of the lino JlfiV is, therefore, a portixm of a come see- 
Itim, 1^ which C, fiU cen^e df iAe mirror, ts tmecfihefocL 

(34) Since/iil(l— «a)«^(l — 2^)^ £!,(Ana^rt 

Geom.) the semi-ptrameter of the conic section, and / is constant, 
it follows that the radios of curvature at the Vertex of the conie 
8eeti(m, which is equal to the semi-parameter, is independent of 
the disftaoce of the object from the cent^ o£ the mirror. 

* * 

' - (35.) We pMtfeed to examte the yariation in tiie figure of the 
«i^tM«tfliij«slfonid,wfaenthetfistaiioe of the object from ths 



Hret, let the object be infuiitely distant . Then, _ = o» and 

d 

r= 0, that is, e := 0, and the image is a portbn of a 



cUrde, corresponding to the equation _ =: __. , or, v' = _ • 

.V T 3 

The radius of the circle is half that of the mirror. 

. As the object is brought nearer to the miifror, d dimhushes, or 

.-increases; but, _. = ,i , . ,and,Bince jj (1— -s^)ao:/, 

or is constant, e must vary as ---. , and, there&re, in cromefc A» 

d 

long as d >/, or — < _— , ^ » ^ i ;— , or e 

<< 1, and the image is a portion of an ellipte, 

, Wlusnd sa/, e ss 1, and the curve is a parabola. Tor d </, 
e > 1, and the curve becomes a branch otahyperbola. 

If <f S3 0, qr tiie plject passes tbrough%e centre of the mlmr, 
^ = 00 , and e is infinite, or the image is a straight line^ coin- 
ciding with the objedt 

When the object passes the centre, towards the ndnor, d be- 
comes negative, and me equation (14) changes, if we reckon fhm 
GC, to 

1 1 cobO ,- -. 

-7 = .T—T- ^'^' 

This equation gives a hTperbola while d </, a parabola when 
J s/, an ellipse when d>f. 

Each of these cases presents curious circumstances. For ex- 
amine, in the oaae, d -</, if a pomt be taken in the object, so that 

»'«/, that is, ~Z-^ a= /, the equation &t the feeal distanee of 

cos e 

the pencil proceeding from that point, is 

1 r 

V 

the image is infinitely remote from the mirror. If we su{^K«e Um^ 
oljeot to be sufficiently extended to cut the mirror, the point com- 
mon to the object and mirror is its own image, and far ihaX point 
tt' tss r, and tr ss r ; between the points for which u'ssf unduf sm 
fi ^bB distance of tb» image hajs varied from r to infinity, aipd, . 
therefore, that portion of .tl:^ object which is between these limits, 
has a virtual rniage, fbe piart of each branch of which, between 
w^ usT and the vertex, is wanting. 
C 
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Th0 part fvf tiie object between vfsstd and v' as/, faM its iaage 
beyeftd the centre; it Is the bnnch of a hjperbob. oonjogateto 
thefint 

(36.) If the aection of the object be an arc concentrie with the ' 

mirror, u* ia cooatant, and 

ia oonatanti or the image ia alao a ciacidar arc oonoentrie with &b . 

mirror, in this case, the relative magnitudes of the object and 
image are as their distances firom the centre of the mirror. 

(37.) We have considered a section of the object, of the imager 
and af tiM niiliiy>rf made by a pbne passing through the axis of 
the mirror; if these sections be sappoeed to retvolve about the coo^ 
mon apds, the sectioa of the object wiQ generate a plane, and that 
of the n^rror, and of the image, sor^ces of revdution correspond, 
ing to the sections. 

(39.) The caaeofn convex miner is emfartioad by •fiMtioB(14X 

If r be made negatiye. . 

▼ 2 

i^ the plana manor, r a 00 , and .-^ es e, utaice^ 

4, = ^' a6), 

V d 

uid t)ie iffiMgt 19 stmiiar (a ike a^ct 
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CHAP. m. 

REFRACTION BV HUMSMS AND LBNSBB. 

(3a^ The BMataimplacaMorihe refi«otk)];i of light, is that in 
which it takes place at a plane surface. The perpendicular being 
drawn, the refracted rliy is connected with the mcident, by the law 
(p. 529, texti) that the sine of the angle of refraction bears a constant 
ratio, for a given medium, to flie sine of the angle of inddeooe. 
To represent this law analytically, auppose a ray pasaincr from • 
rarer to a den^r medium, call the angle of incidence 0, ute angle 
of riBfraction ^', and let the sifn of incidence be to that of refrac- 
tion, as m is to 1, when m will represent the index of refraction of 
the danaer medium, that of tfa^ rarer mediuu^ k^^^ uni^; wa 
haive 

ain {^ : sin ^' : : m : 1, or, 

am # K m . sin f' • • • ..(17). 



Wbeathe Sray paisM from a denaer to a rarer ineffii]»i / iqpff«-^ 
•enlp the angle of incidencei and ^ that of refimctioii. 

If the angles ^ and f be very small, they may be taken instead 
<if, their sinM, in whieh case, 

^ s= tn • ^ • 

(40.) The difference between the aiigles of incidenoe and refirao- 
tion IS termed the tUmaium of the n^, for a sipgle vsir&oe* When 
t^ angiea are very small, we haTo, nr the deviaiioq, 

. f Ifl — 1 /io\ 

9 -^p- 9 as ••»■* — p- • f « • • . • (Io}« 
ffl 

'the deviation, therefiire, wiien &6 a^gte of incidence is small, 
tiearB a constant tatb to ^lat angle. 

(41.) The case pf the taUd reJUxion. of a n^ moving in a denser 
medium, and arriving at the separating sur&ce of tl^ denser and 
of a rarer mediom, (p^. 84, 35, text), is comprehended in eqiuu 
turn (17). The ray passing from a d^iser to a rarer medium, if ^' 
he taken to represent the angle of incidence, and ^ that o£ refrac 
tiod^ m will remain greater than tmity, the angles bdng, as before, 
^tounbeted by the ei|urtioB 

m . sin 0' CSS sin ^ (17). 

In this equation, nnce sin ^ can never exceed unity, m sin ^' 

cannot exceed uni^, whence sin ^' cannot exceed — , (in which 

m 

eas^ m • sin ^' ss 1^) or, the eqnstiaa cannot be satisfied if sin f' 

> — . The ray then ceases tQ be refracted; it is wholly re« 
m 

fleeted. 

The angle, at which, light, passing through a denser roediutn, 
and meeting the separating sur&ce of uie denser and of a 
rarer medium, ceases to be refracted, is found from the equation 

sin ^' =: JL. . If the denser medium b« glass, and the rarer, air, 
m 

•in / = -L = A , whence, ^'r=t 41° 48'. 
tn 3 

(43^ The nhenomena of reflenc^n might be derived, analytioally, 
from those of refractiop, by considering that the angle of reflexion 
is measured with the same perpendicular as that of refractitm, or, 
.tr6ie suppfenient of that measured by 0', (see text, Jig. 33^ P* 35), 
mud that the angles of incidence and reflexion are equid, bat oh 
opposite sides of the perpendicular ; so that, in the case of ra- 
flexion, sin ^ = — sin 0', or, m = — 1. 



(43.) Piflv. DL ^ deUrmimt tie eomne tf m mmgle rm^ or €fm 
mnmU petidl «f m^, refracted by a jMttm. {Fig. SOl, pw 33, 
text) 

Let the anrle, HRM^ of incidence, upon tbe fint sm&ce, be 
ctDed f ; ITF^f^ the corresponding angle of refraction, 0' ; H*RN^ 
the angle of incidence on the second surftce, ^^ ; n'RV^ the an^ 

«f eftiergenee from the pnttn* V' ^ ^® ^^Sf^ '^i <^ ^^ prisqv*> 
The ang leSf RAR, ARtt, and ABfR, together, are eqw to tfTO 
rifffat an^t bat iUMT « 90^ -- f', and AltRm:^ 909^^1/ 
WJieiio^ 

a 4- (90 — 0') + (90— «/0 = 180, or, ' 

■ ar=0'+ t^' (1,9). 

The ancrle of tot^l deviatioi^ DEH, is equal to iho ^ma of the 
partial deviationa, ERR and fJI'JS, that is, calling the deria- 

tlOII if 

^ «= — / + ,^ — t/.', or, 
3 = + t/, — (0' + tfO. or, 
aat04.T^ — a (90). 

This value of the deviation contains the give4 an|^ ^ and #, 
and the angle ^, which may be fimnd by means of the rriatigns of 
f, ^\ ^', and ^, as given bj the fi^owing equations : 

dnfssYft. sin /..... (17), 

,/,'=«- 0' (19), 

sin ^ S3 m . sin t/^' (X7^* 

(44.) If we suppose the angles very smaH, we have, from (17), 

es ffi^', whence^ 

0— 0't=(m — 1)0'. 
Also, from (IT), 

^ — ,/aa (f» — 1) ,^', and 

a c= — 0' + ^ — V/'= (m — 1) (0' + +0; 

but (19) gives 

0' ^ t// as a, whence, ' 

« = (m — l).a (21), 

a value depending only upon the refractive power of the material 
€>f the prism, and upon its refracting angle. 

(45.) There are two other cases in which the deviatioa, as givsa 
Jby equations (20), (17), (17'), and (19), assumes a Bomewfait 
Ample form. These tve shall consider, in order. 



\ 



(46.) Prop. X. To find the dtmatUm of a ra^^ ot ^a Mudl pencil 
of rays, incideTit perpendicularly on one of the ntrface% of m 
prifnim 

When the incidence upon the first sur&ce is perpendiculfu^ f aa 
^ and f' Mm 9, and equation (20) becomes, 

and (19), 

^' ss a, whence, 

sin ^'s=3 m . sin t/'' ss m . sin a ; 

bat from the nJue just fi)und Sar i, we haYe, 

%l/*am -\-ii whence, 

8in(a-(-^ssf}t.sina (23) : 

ftom which equation, i becomes known when a and m are|;iT«n; 
or, 

sin (a 4- ^ 

sma 

may be feund bj determining S and a. This is one method of 
determining the refractive power of ' 
18 inrnished bj the next pioposition. 



determining the refractive power of a ntbstance. Another method 
' " ledl 



(47.) Paop. XI. 7b determine the depiation of a rmy<, or 0f a otnaU 
pencil qfrays^ when the angles of incidence ana emergence are 
equal. (JF^. 20., p. ^ text.) 

Bj the condition of the qinefrtioii ^ » ^, and since, from (17), 
8m.i^'=^,andsin4^=;.?^, 

Equation (19X ^ves, 

2^'«a,or,^'«: ^, 

and from (20),4]^ nutking ^ « ^, 

a s 20 — a, and ^ ;^ i^ili . 

Substitutin(|r these yahies for ^ and f in (17), it becomes 

sni -^ (a4.^cBfii.sin -— a . . . • • (23) ; 

an' equation from which 8 maj be determined when a and m are 
given. 

By transmitting lijg[ht through a prism so that ^ b t/', we have 
a method of measuring tie r^actiae power of the substance of 
which it is composed, umt, 
C2 



iO DKnoucncATioir or -BmnAonvm pownu Acrximx. 

gini(a ^.^aocfii.Mnia, whence, 

* ^ _ sin i (. + <) ^24j^ 

sin ^ d 

The eqaaUty of the angles of incidence and emergence may be 
lacertained, by meMurement, with the instrument which has beOi 
deTised 6r this porpose, or by the use o£ the piopoaitioQ which 
ftUows. 

^(48.) Pmop. XII. J%e angUi of incidence nmd emergence^ of « raif 
pagmmg through a jmsm^ arc egwU, when the deviation ie « 



The proposition requiras the deviatioii to be a mininmm. We 
tfaere^Nre find its w^ipe^ diffibrentiate it, and put the diflferential oo* 
efficient equal to zerol The value of the deviation, from equatian 

(«r),ii,- 

the difEbrential of which, a hemg coofltsntf is, 

diss d^ -\. d^l/,' whence, 

^ _ , , £4; 
d0 "" "^ dp' 

Eqoatkm (19), ift 

a -: ^' + >|/, 

by the diflferwtiation of which, we obtahi 

d^ _ 

rf7 

Vtom equation (17), by a similar process, we have, 

d.map tarn, dun P\ or, 

COS ^ . <2^ s= m . cos /. dp\ or, 

' COS 

In like manner, we obtain, by differentiating (170. 

• dV^m.S2L±.d^. 
cos -4/ 

Dividing the second of these equations by the iSrst, 

d'l eos0.oos.>|/ d4/ ^ •_„ 
— =r I • — -- , or, smee 

dp COB<p\ COBW dp' 

dV _ 

dp' ■*' 

rf\I/ cos P . cos -vl/ 

d^ COS p' . cos '^l' 



BUlMtiti'tiiig tbb v^Idb for ~-- in Ibe 
■liOTe, il becomes. 



aneqDktioa which ia witiBfied iff ^ 't, or Ae angletof imidmet 
mud emagitu* an emtU. The method of luiog UiH [noporilka 
i* douribed in ut 35, pp. 33, 34, of the tezL 

R^raction bji Leniei, 

(490 'n dTBOusilQg the subject of refiBCtion by lenses, we AaB 
eoDiider the ledncting Buriaces dh sphericaL The pencil of iod- 
(lent lays will be, first, issumed as indefiriitelj small, and the thick- 
new of the leiiB neglected ; next, the correction for thickneu will 
be introdnced, snd, Sstlj, nnder the title of Abtnatiim of Laaei, 
the CBBO of a pencil of any mugnitude will be coneidered. Be&ac- 
tion through sphere* and paraHal plane aoriticea, will be deduced 
fiom a conHideratioB of the general cue. 

(50.) Pwtr. XUf. Zb delermm the eourte of an ind^nittti/ tmaU 
fetuU t^ rayt, patting from a rarer to a devter nudiam, CAnxift 
a ipUrual turjaet. 



■ Let B be fe mdianl point of a small pencil, of which ET ui 
Ae axis, and ER the extreme ray ; the ray ER, passing into the, 
denaer raedinm, will be reftacted toward* the perpendicular, CS, 
making the angle mRM lesa than ERC, and in such a propartioa 
that UB BRC : sin mRM :: m : I, in reneiendag the index of 
refraction of flie deniwr ntadiam, that of ths rat«i nwdiank being' 
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Cdl Jrr» IS FF=su'.Cr«r. In the tmni^ JEKC, w« 



UB*V, _ ^ 


EC sin ERC 




JSK sin £Ci2 * 


and in FRC^ 

FC mnFRC 




FR Bin 4^/i 


DiiiSDi 


f die fint of theie equatione hj the aeoond, 




£H FC ma FRC 

• 




■m JSXC ae m . sin mJUT bs m . sin f1tC» 


t 


£C FR 

= 111* 


The pel 


mB of nvf beiiur verr imalL the point Jt i«i 



to 
T, and fer £R and JPJS Ve may take their appmsrimatrt vaioM 

^F and JT, whence, EC ^ JSF— CF— n — r, and «7 =» 

JF'F-— CFev'—r. Substituting these values of J5C and FC; 

and the values of ER and FR for those Imes in the eqnatioo jnsl 

feundi it becomes 

ti— r «' 

, = », or, 

tt tt — r 

** *^ = m . **"7^ ; and, dividing by r, 



i L = J?-«.J^,or, by transpo«ti<»» 

(26). 



« 1 m — 1 



tf' n 



(51.) This formula may be adapted to allxMMes of a noall pencil 
inodent upon a spherical snrfkoe, by a conventional mode of con- 
sidering the algebraic si^fus, of the different quantities involved in 
it Let us, as in reflexKm, consider u, u', and r, essentiaBy jiott. 
tivt when the radiant point, the focus, and cen^e, are, respectively, 
in frmt of the lens, negative in the contrary case. 

The fontive sign of u' will, then, correspond to an ttn^mKir^ 
or virtual, fi)CU8 ; and the negative sign, to a real fi>cus. This it 
is important to ^e student to recollect, since the reverse has been 
the case in reflexion. 

It would hardly be useful to discuss the vadations of fbrmoln 
(96), by obangea m the qnantitaes oonesmed in it, since w* most 
consider, in refiraction by lenses, the action of two surfiices. 



(52.) Prop. XTV. To determine the course of a $maUpeneil of ram 
foiling upon a ten$; the radiant jpeint of the pencil being in mc 
4un» of the leno. 



Let ER^ as befinre, be the extreme ray of the pencil, EV the 
sua of Ae pendl and of the lens, J^Jlf the ray refhttsted at the HHt 
Mirfaee, CM the radius of that stirface, M the pc^nt in vAdtk RM 
meets the second surface, CM the radius dT the secoiid sucfao« 
drawn to the pduit M- Producing MR until it meets the axis, F 
is the virtual locus of rays refracted by the first surface. Since 
the refraction at JIf is from .a denser to a rarer medium, the ray 
is refracted from the pei^pe&dicular, taking the direction MN, which, 
prolonged until it intersects the axis, gives F* for the virtual focus 
of the pencil refracted by the len^ 

KeejMng tibe notation of the last pn^osition EVsa «, FVsa uf 
CK=s r, and th^ equation fat refraction at the first sur&ce is, (26), 

m 1 fii — * 1 /c%c\ ' 

_. ^ — =: . • • • • • \/iQ)» 

u' u ' r 

• • • • - - , 

The equation for the refraction at the second ssrfooe n«y be in- 
ferred from (26)/ or mav be obtained directly, by proceeding in the 
triangles FMC and F'SIKf^ as was done, in the lasl' proposition, 
mERCojoAFRC, Thus, 

FC* _ nin FMCr ^ F^ _ sm F'MC 

FM oaFCM' F'M sinF'CJr* 

ind, by division, 

FCr F'M _ sin FMC _ 1 

FM' F'C sinF'JtfC m 

Call FF, the thickness of the lens, t ; F'V, v ; CF, r ; then 
FF=tt'4- t, FC'rstt' -f < — f', and F'C=«--/. These 
values bdng sik)stituted, in the equation just found, instead of FM^ 
F'iMi d&c, we have, 

' ~, * , « — , whence. 



1-jf^m <-f ^-•'^ or 



1 



-f=-('-rTi)' 



Afidiiif tiy r'l vid ciiOecting the termi, 

1 m _ 1 — m . 

« beinif greslbag than mut^, the ngfn of the seeoBd HMB^r u 
really negative, and aa it will be oonYement to show this, w« 
change the fi«m o^ that men^ber, and the equation becomes, 

J *" --. ** — ^ (37). 

This ia the general eqaation between v', «, /, ^ and in, whid^ 
•ombiDed with C^)> will determine v m tanna of ti, r, f^, t, and », 
■11 of which are given ^uantitiea. 

(53.) If the ihickne$i of the lens ia so amall that it nu^ he 
negletiedt equatbn (27) becomes, 

J ^= _ .5«zl , bat, from ^6), 

^ r= J- -I- ?1— i • whence, 

tiT » r 

1 J m — 1 __. _ m^l ^ ^^ 

9 u r r' 

i__2.= («._i)(-L-4-)....^3a).' 

SuM» -1^ reiHresents the divergency, or convergmcy, ot^ 

incident pencil, and — that of the redacted pencil, we deduce, 

from (28), Aat the ^fferenee efihe vergtncie9 (^ the refraeUdsm 
incident pmciU is a emstant quantity for the $ame lens. 

This formula applies to the different cases of the incident pencil 

and lens, as in the single surface (art. 51), if we consider the dii- 

tances of the radiant point, focus, and centre, positU^ when in 

' front of the lens, and negative in the contrary case. The same 

rcma^L applies to the general equations (26) and (27). 

(54.) In most of the cases whidi occur in practice, the thick- 

ness of the lens may be neglected, and, Aeref^e, eqoittiafi (^ ^ 

applicable to them ; in all cases this equation determines an ap* 

' proximate value of the &cal distance, to which a correction fer the 

thickness of the lens mi^ be, conveniently, applied. 



cvusvni* jtKFBAcnoir. M 

(!».) To obtem tliif correeHmfBr Hidmm^ Mpod JH — 
in e^QatMn (27), into a Beries, by diTision, 

— !IIIL_ — J!L — ?! 4- ^ T &c 

If the thickness of the ]ei^ is not wry great oompered with fbm 

distanee of tiie pcnnt F, the powers of-L , h%faer than the fiiat» 

tt 

may be aeg^Dcted, and we hare, 

tt'-f t "■ V t?5 ' 

Sobstitating tbkfahie Amt -J!L- In (27), it beoomee, 

V n^ + t 

or sabstitnting Ibr JIL its valoe frsm (36X 

tt' 

1 1 m — 1 - »< m — 1 -. 

« tt r ^ tt'a. -7-t«^» 

by transposing and coUectbig the terms, 

in which we pereeife the iqpprozimate faloe of -. given by 
e^piBtlon<38),»MlaMPr^dito ^ fcr tiM llUe|bMsr of the 



ling. 



tt'3 



(^.) Pr«p. XV. 7b determine (he form qf^ tmdH pencil refracted 
hy a medium^ hounded by paraUel pianee. 

For plane snrfaces, r and / are infinite, whence — = o, and 

T * 
1 

Eqaation (98) becomes, 

-?^ L = e, or, JL=-L 30). 

V tt V tt 



t^'^ 



d6 REFSACnOl^ BT TRICK FLATB8.. iOTSKDIX. 

Tbt vergwiof of tiie rcftaofted pttwU k thi staie with that of 
tiio incident pencil, when the plate is indefinitely thin. 

(57.) Applyini^ the coirection fixmi equation (39), we obtain, 

1 1 mt 



V^' 



Irati ftooi (90)« hy nwikiiiy — ^ = 0| 



Oft 1 

_ =- — , whence, u'tszmu; 

thif yahie of a' in that last i^en, ibr ..— » 

o 

o u ms^ 

JL=ni^l L\ (31). 

o » \ mu / 

Eqoitioa (31) oontains the tiwory of refiractin|f {dates of oon- 
■ideAble thtcknesa; ' ' 

(58.) If the incident rays wmpanUd, — c= o, md _ = o, 

tt « 

or, o =5 00,* OF parallel rays' are ondiangod by the refinotion {fig, 
33, p. 36, text) 

1 

(59.) The value of — for diverf^ing rays, given by (31), is poii- 

i 

five, xero, or negative, according as «e have 

l>-^l=-^l<-i-,thatis, 
mu mu mu 

m t < imi, t s= muj t > mu, in which m is grester tiian unify. 
For ordinary cases of relation between tt, and t, (f < mu) — is 

podtive, and therefi>re the Ibous imapnary, or the rays sGtl diverge 
ifier refraction. As u is moasurea from the first sur&oe, and « 
ftom the sdcond, the effect of refraction in bringing the object 
Hearer to, or>removing it farther from the plate, is not expressed by 
the relation of « and u, but b^ that oft) — f, and v. To ascertain 
the effect of refraction in this point of view, we take tSe vahio ol 
#in(3lXor, 
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this, by dividing and neglecting the powers of t above the first, 
gives 

V ss tt -U ^ whence 
m 

«»l»tt + f/i i\ (3S). 

In. which since m>l, — <1, and lis subtr»otive, 

ft m 

or, • — I < «i; the point of divcrgenoe, therefine, is bfcqglil 
nearer the first smrfiioe by the distance, f / 1 — — \ 

Inag]ass]date,m= ^, and 1 1. = JL. The point of 

* III 3 

divergence is, therefiire, brought nearer the first snrfiice by ooft 
third the thickness of the plate. 

4 11 

Forwitar,M«i-^, andl !-«—-. 

(60.) If the inddent rays converge, u is negative, whence 
finom (31), 

-i-=:^ i-7l+ J.y (33), 

in which -^ is always negative, and, thereftie, the rays itiU cod* 

verge. 
Proceeding to find the valae of v — t, as befiire, we have 

firom which it appears that the fixms is farther fix>m the first sorfiioe 
than the imaginary radiant pcnnt, by the distance < f 1 -. — \ 
The reverse of the result for diverging rays. 

(61.) Paop. XVI. To determine the form of a smoQ peneU of nnfo 
refracted by a double convex lens. 

We will first consider the case in which the thickness of the 
lens may be neglected. To this, equation (28) will be adapted by 

D 
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mtikmg r, the radhii of the first rar&oe, negatife, smoe its oentro 
ii turned firom incident light This gives 

i— i.— («.-l)(l-+i,) (35)., 

rinoe — represents the vergenoy of the r^mcled pendl, and — 

tiutt of the incident pencil, and -r- — * — r isoegfttcv9|«i,f,r^,heiQf 

•Qostant, ibr the same lens, we inftr that &e tfiiwy cwgy ifcstiriy ed, 
or eonvergeney produeedf by thi$ leiu^ is a constant quantity. 

(G3.) Foi parallel rays, — = e, and 

T ("—^^Ct+t) <^- 

In the refracting media of which lenses are made, m > 1, and 

this Taloe of — is negatire : hence the ibcos lies bdiind the kns^ 

«m1 is reaL For the distance of the principal focus we ha:f€ If 
taking fbe valne of v from (36), 

— =^-7T7 ^ 

r •{- r 
corresposdivg to the rule ghea in the text (page 49^ 
If the glass is equally convex, r = K, and 

^ ■§?=-••• 

The principal focal distance is equal to the ndraeof the sar&oes 
of the lens. 

(63.) The principal fbcal distance may serve as a convenient 
term of comparison for the fbcal distances of diverging and con- 
verging rays. Denoting it by/, we have the value of/ given by 

(37), and of ~ by (36), substituting in (35) -L for its equal ; and , 

transposing, we have. 
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(64.) Diverging ray$. Equation (38) appUes to thu caae. 
From that eqoation it aj^ars that for the same lena, tlio 
vergency of t)ie refracted raya f . — \ is less than the diy^rgeiM^ 

of the mcident rays ( — \ by a constant quantity /_ \ de- 

pending upon the index of refraction of the material of the l^ns, 
and upon the eurvature of its sur&ces. 

If tt>/ Uig. 29, pw 43), — < 4- » and JL is negative, or 

u f t> 

the rays are brought to a focus. The reciprocal of the focal dis- 
tance is,/from (38), 

i_«_(^_i.). 

€hice -I < -4- » — < — , or t> >/, and the ibcxik 

f u f V f 

is fortber from the lens than the principal focus. As the nuUant 
pomt .pi«»«d»a the to., i- incre-eis «.i. rf ooar«. 2. . or 

» diminishes, or v increases : that is, as the radiant point 

/ «» 

approaches the lens, the focus recedes, and vice versa.. 

— 52/1 Tlie ibcus is as for Brom the kns as the radiant pcHnt 
If the rays proceed fiom a point as for from the lens as the prixi* 

dpal focus (as from (V, Jig, 29.), us/, and — ^ c= o ; the ze- 

fracted rays are paralleL 
The radiant point being still suj^iosed to approach the lens, wo 

have u </, or — >_-. ; — ..«»-—, or — »is then positive, 

u f u f V 

and the rays are no longer brought to a focus. 

(65.) Equaticm (35) will give the value of the focal distance for 
diverging rays : to determine this, transpose .» and bring thcf 

terms on the right-hand side of the equation to a common denomi- 
xiator, whence, 

1 _ */-ntt(m-l)(r+y) „^ 

V urr 
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urr^ 

* "" rr'— u (m — 1) (r -f O ' 

or ehuigiiif the sign to correspond to a real fixnis, to whidi we 
hKf haad the imys to be brought as 190; as u >/, 

wrr' 

^■■""ttCm — l)(r-f O— ly' 

3 1 

For a^Cstt lens, m = --- , and m — 1 == __ ; idienoe, 

Hiis Tahie of o ^Tes the role (bond in art 45, of the text The 
axkhmetloal c^wratioii there directed is changed fi>r the sobtractiaa 

or«(r + fO ftom arr', when SfV > « (r + r'), otik . 

r 4- r 

or « </; the algebraic expression shows by its change of sign, in 
that case, that the fi)cus is imaginary. 

If r w f^, or the lens is equally cooivz, (40) beoones 

« a — > — • or, 

ur 



u — r 
agreeing with the rule just referred to. 

(68.) For ce w pcr g - i iig rays fidling upon a dooUe convex lens, we 
mike — « in equations (35) and (38), negative, iN^ienoe» 

4 — [4-+<— '>(-f+i)] '">•"' 

-i-=-(i + f) '** 

The sign of . — . being always negative, whatever be the rela 

lion of tt and /, the focuB is always reaL Since 1. JL >. 

1 

«. , the oonvergency of the rays is increased by refraction. 
« 

3 
Taking the value of v from (41), and making, in it, m = -_ , 

as was done in the case of diverging ri^ in the last article, wo 
find for a gUt$$ lens. 
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u(r+0+2rr' ^* 

For a gla$8 lens equally convex^ we have, 

v tEs , (44). 

tt + r 

These values fer the focal distance give the roles on p. 44^ of ths 
text 

(67). In what precedes, we have neglected the thickness of the 
Jins, and next proceed to show how a correction, for the eShel of 
the thickness, may be introduced, 

Peop. XVII. 2b show the method of opptving^ to t^ approximate 
focal length found for a double convex lens^ a correction for the 
effect of the Udckness. 

As an example, let us ti^e the case of parallel rays falling upon 
^ lens. - Equation (29) is applied to this case by making r nega- 
tive, whence, ^ ^ 

■f=-r-("-K4-+4)-5 <«>• 

And £or parallel rays, for which _ = o. 

T = -('»-i)(-r+7-)-^ (46). 

Equation (26) adapted to the case of a convex sur&ce, gives, 

w 1 m — 1 

uf u r 

•nd for parallel rays, 

—7 = — , whence,. 

tt' r 

tn_ _ (m — 1)^ 
tt'« ~" mr^ 

Substituting ihn value of ^ in (46), we have, 

. . . (47). 



a 

a , or, 
• mr' 

1 _ 1 (m — l)2t 



V f mr» 

To determine from this equation the correction tc be applied to 
the focal lengthy o, we reduce the terms of the seccCGd member to 
\ common denominator, whence, 
D2 
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9 mr^f 

mr-f 



■r • 



•""""111^4- (HI — l)^ii 

mr^ 4- (« — 1)^^ 



Diridinf , and negleotiiig the tenns oontaiaiiicr powen of I 
hiffaer than the first, ; 

"^ .+/=(il:^ (48, 

the oorrectioii which is to be appUed to the fixsal distance obtained 
bj equation (37). 

When the lens is equicowoex and of gh9$, we find (art 62) that 
/ B — r, to which a correction, 

is to be applied. The sign of the correction is contrary to tbtt 
cf the focal distance, and the efiect is therefore subtractiye. Tin 
corrected focal length is 

(68.) The method which has just been shown ^ves, at last, 
only an approximate value of the focal distance, which, however, 
is inifficiently accurate for all cases in which the thickness does 
not bear a considerable relation to the focal distance. In the case 
of a sphere used as a lens, the thickness b too considerable tp oie 
the method €€ correction already exhibited. 

(69.) Prop. XVIIL 7b Jind Ae focal Ungih of a Sfkere fir 
paraUel ray. 
The supposition that the rays are parallel simplifies the questiao, 

without deducting much firom ito utility. Smce — = o, equations 
(96) and (27) become, by making r negatiye, 

. . . . ^ (49), and 



m wi — 1 



tt' r 

1 m m — 1 



(50). 



For the q[»here f ass 2r, r » r' ; and (50) gives 

J-=s ;^ --*"""^,batft«a(49>. 
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n' „ — whence 

m — 1 

' m — 1 m — 1 

. , Q, mr-'Hr _ r(m — 2) 
m — 1 m — 1 

Sobstitotiiig this Talue of u' + 2r in (50), 

1 m{m — 1) m — 1 
t» r (w — 2) r 

1 __ m(m— 1) — (m— l)(m— 2) _ (i» — 1) (m-^ 1114. 2) 
o r(m — 2) rem— 2) 

md 

1 2(111—1) , 

— = ""T or» whence 

« r(m — 2) 

„_ r(m — 2) 
2(m — 1)' 

The Tahie just finrnd is the distance of the fbcos from the second 
ma&ce ; call / the distance from the centre, then 

r(m— 2) 

2 (m — 1) 

or, bringing to a oommon denominator and redncing, 

f—ji^ (^'^>- 

The rule on page 40 of the text, is giyen by the value oT/ just 
found. 

If the refracting sphere be(^toia«^er,m vl J.1145,and/^— 5r, 
of course FQ (fig, 2$, text,) =» — 4r. If the sphere be of water, 
m » 1.3358 and / = — 2r nearly, or FQ (fig. 26) =. — r. For a 
sphere of glass, m s=s 1.5, / = — IJr, and J^ s=s — Jr . For a 
sphere of adroon, m = 2, / as — r, and FQ ss 0. 

(70.) RetuminfiT to the discussion of the formula fiir the refracteck 
pencil when the fens is indefinitely thin, we take up the case next 
m order. 

Prop. XIX, 7b determine the form of a email peneU after re- 
fraction 5y a flano-eonvex lent. 

As in other discnssioins, the refiractive power of the substance 
of the lens is assumed to exceed that of the medium traTersed by 
the incident pencU, or m > 1. 

The question obviously includes two cases; in the one, tba 
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plane side it tarned towards incident light, in the other the corred 
aide is thus directed. 

(71.) First: when the pUiu nde is turned to inddemt rays, 
— == 1 whence from (28), 

-L-JL "1=1 (52). 

From this we infer, that the divergency dettroyed^ or convergeney 
produced^ by thtM Zens, ts a constant ^vantUy^ as in the £>uble 
convex lens (art 61), but the effect is less than in that lens by 

■ "^ — , the power of the first surface ; it is not necessary, there- 

fore, to carry out the discussion of the properties of this lens. Then 
will be no correction for thickness, fbr parafiel rays, no refraction 
being produced by the first sur&ce. This is shown by the analysis, 

the term -j^ (in 29) vanishing, since firom (26), —7 = 0. 

The prineifMl focal distance given by making --« = • in {SS), 
and inverting, is 

For a gloss lens, 

/ = — 2/ 

(79.) Second : when the convex tide is turned to incidevst lights 

--7 s= 0, and r is negative ; firom (28), 

1 1 m — 1 ,^^ 

t= (53). 

t> I* r 

The eflfect is, as in the first cas^, to destroy divergency in the 
incident pencil, or to produce^ or incretue, convergeney; and if we 
suppose r =sr^ , that is, the same lens to be used in bcSth cases, the 
eflbot produced is the same. 

For the principal focal distance. 



/ = - 



m — 1 • 
and for a glasc lens, 

/«— 2r. 

(73.) The thickness of the lens produces in this case an eflfect 
y th e principal focal length, since the rays refiracted by the first 
Mi^&oe fidi obliquely upon the second. 
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To iBtredaoe tbe oofvadion into the Tske of Uie prineiptl Ibeal 
iistance, we reoor to equationa (26) and (27) ; making, in Hum, 

r nesratire, -^ bs o, and — as o, we obtain, 

"* "*~* (54), 



n r 

1 m 



The Tdne of n' ten (54), is 



(55). 



«' ■» r , and 

m — 1 






m 



and ittlMttitatinif ftr u' -|. < the rahie just (bond, 

• « ^+— (56). 

m — 1 m . 

The oonectioD, thereftre, shortens the approzimi^ local length of 
the kns hy — th part of its thickness ; if the lens be of glass, 

« = — 2r + II. or, 
ti=:--(2r-!<). 

» 

(74) Prop. XX. 7b dettrmine the form qf a $maU prntcUt mftir 
refradun by a douJUe concave len$. 

In this form the radios of the first snrfkce is posttive, that of the 
second negatiYO. When the thickness of the lens may be negledU 
ed, we have firom (28), 

and where an approximate value of the thickness may be used, 
ftom^O 

i._i. = («_i)(i.+4)_^ ««, 

in which u' is determined from equation (26), or 
—7- sz — - -4- — — — • t • • t (591. 

IT u * r 
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(7&) When tlM inddent rayi are |NindH <%. 31, p. 44, taxt,) 
(57) gives 



•i = <— '(t + t) 



or calliogr / the principal focal distanee, and determining it firom 
the equation just given, 

This value heing positive, the focus is imajfintry, and at a distaiise 
expressed by the product of the radii divided by the index oi 
refraction, less one, into the sum of the radii. The rule cor- 
respondi to that for a double convex lens; in &ct, equations (60) 
ana (37), differ only in their sign. 

(76.) Diverging rays. In this case — is positive, and, thoe- 

ftre, as long as m > 1, (he value <^ v, from equatioa (57), will 
always be positive and the focus imaginary ; since 

i.=-i +(m-l)(-l + ^) (57), . 

n appears that — > — , or the divergency of the rays Is increas- 
ed by the refraction, (fig. 32, text.) 
Inagisst lens, 

2ttr/ 

'^ *= 2iy 4- u (r -h O * 
whence the rule on page 45 of the text 

(77.) When the rays converge^ — is negative, and (57) beoomei 

-l. = _i.+(„_i)(± + ^) (61). 

The pencil still converges, is rendered parallel, or diverges, ae> 
cording to the relation between — and (m — 1) f f- --^Y or 

its equal ~ . If — ^ __. ©r « > /, — }a positive, and the 

J U J f} 

rays stm converge; if -Lr=-L,ortt =/,— = o, and the 
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Mfisetadntyf m i»BnM; if — > -y-,«rti </, — ii rum^. 

tive, and the rap are brought to a focus. This real focus is as far 
behind the lens, as the virtual focus of parallel rays is in front of 
/I 2 ^ ^, 11 1 

/ 
and o as — /: the distance exceeds that just named if u > -^ 

when we shall have — < -?- and h -?■ < T » ^ 

— < and D > — . / : the reverse will of course be true if 

» / 

I^ as was first snpposed, « > / or — <^,thoagh the rays 

■till converge after refraction, they converge less than befive it, fixr 
1,11 

u ' f f 
We shall net introdnee the cc^rection ibr thickneae^ e» it wodldi 
be determined by the same method with that for the double convex 
ttiBsL Practically the thickness df double concave lenses ir of Httle 
importance, since it is least at the central parts. 

(78.) Prop. XXf . To determine the form of a tmaU pencil of ray$^ 
t^fter refraction kjf a jpiano-conemve leng. 

First When the concave tide is tomed to incid«it rays» JL sa 

0, and r is positive ; equation (38) gives 

1 1 _ (m-l) ^ 

V U ft 

The divergency produced by this lens is, there^re, less than 
that produced by a double concave lens,, by "^ ^ , the effect of 

the second surface. 

Second. When the plane side is towards incident light Then 

1 

— = 0, and K is negative, whence, 

11' (m — 1) 



(63), 



t> a r' 

agreeing with the expression fi>und above, if the lens if tbo same 
in each case, or r =. /. 

' (79.) The next form to be considered is the meniscus. 
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Amt.XXIL Jh iitermki§iU farm cfM^9maUfeimL9f tigUtfier 
re/rmciitmhjfmwum9eu$, 

Wlien the comes side of the nieniscus is turned towards inci- 
dent li^^ the signs of both r and / are negative. The general 
ftrmnk (3$ gives 

J._i=_C.-,>(i-J,) <«. 

In which, bj the nature of this lens / > r, or — — ^ — 

r r 

From this rdation of J^ and . L it fdlows, that J L 

r r r r 

is a positive quantity, and therefore the sign of the right hand side 
of this equatMQ is n^ifative. The equation oorrespoods to that fiir 
the doable odivez lens (35), but the divergency destrogred bj the ms 

aiseos is (m — 1) ( — — . ~-l , while thatby the double oonvez 

IsM was (m — 1) /_ 4. ^\ . T%§ pouer tf Ot menitau 

U At Hf t nmu Wh ps tw the foum$ qfUotwo mrfiKm. 

(80.) When the eencavtly of the nieniscus is turned to incidenl 

Hgfat, r and r^ are positive, and r > /, or — ^ — . 

r r' 

Eqnatiop (38) applies Erectly to tills case, and 

i_i.=_<._„(-i,_±) ........ 

fiKnoe _ <i-~.»J[- isa positive quantity, henee 2. 

T r r r • 

.— _ is negative. Equations (^ ond (64) are identical, on 

u 

•orfiuse winch first received the incident rays in the case of (64), 
being now thft second surftce. 



(81.) For the focus f^pardUel rays, we have, from (64^ 

1 rr' 

m 



/=-^^-p^ (66). 



(83.) The formuls just found for the meniscus apply to the con- 
ettvo-eonvex lens, recollecting that when the convejdty is turned to 
laddeot light r> r^, and tm reverse, r > r, when the ooncavitj 
is tiins turned. 



I^ the first of these cases we have (61), 

L=_(m_l)(i L) (64). 

• * ' 

which, smce < —7. , will be more expressive if niritteii 

r r 

J L= (™_i){i._l\ (67). 

V u \ r r / 

The second member c^this equation is positive, and by referring 
to the case of the double concave lens (art 74), we shall find that 
the convergencj destroyed by the concavo-convex lens is the i2if«r- 
eUce of the effects of its two surfaces^ while in the double concave 
lens k was the sum of the same effects. 

It is obvious that tuminjr the concave side of this lens to inci. 
d^t light does not alter the effect of the lens, as was shown in the 

case of the meniscus. 

The virtual focal length of the concavo-convex lens fi>r paraUeH 
rajTs, when the convex side of the lens is turned to the mcident 
pencil, is 

/ = . - . c. . (68). 

m — 1 r — r 

(83). For two sfhjtrieal surfaces of the same curvature^ we have 
r = r\ and (28) gites 

JL — -L = 

V u 

The effect ii that of a plane glass. 



'■ 



CHAP. IV. 

FORMATION OF XMAGES BT REFRACTION. 

(84) The ■object of the finrmatioii of images by lenses becomes 
simple, by introauciiif the consideratioa of the ray which passes 
tbnmgh the two soroioes of the lens, at points whne the tanfonls 
lare paralkL 

Feop. AJLlli. AH the rays which suffer no deviatuM by rrfraetiim, 
bff a Zent, jMSt through a single point. 




In the Brae, let RL be a ray, refracted by the first sorfiice of 
the lens MN into LL\ and finally emerging^ in the direction VR, 
parallel to RL. Produce LL' until it intersects the axis of the lens 
in O. Since, by hypothesis, the tangents at the points L and L' 
are parallel, the radii CL and CL* are also parallel, and the tri- 
ttngles COL and OOL' are similar. Whence, 

CO : CO :: CL' : CL, or, 

CO = CO . £^ , and 
CL 



CC^CO-^COzmCO. 



(^-) 



Calling CL « r, CX'a r', the thickness of the leoa » i; tad 
CO wB tt', we have 

CC»«CF—CF=»CrF—rF—CF«r' — i — r, and 
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r' — r — * = tt' . /_ — l\ , or, 

tt'« (f'— r — «) . / ^ \ , and 

tt'=r-.«.--!L. (69). 

• r — r 

This value of CO is made up of quantities, oonstant fyr the 
same lens ; firom wbi<ih we infer, Uiat aft Uie raya wkieh experienee 
no deviation in paooing through a Zent, toould, if produced t^ter the 
Jiret refraction^ meet in a single point in the axis of the kne. 

This point is called the centre of the lens. 

(85.) The dietanee of the centre of a lens from the vertex of the 
first sutfaee is found, readily, from equation (69) ; for, since VO =3 
CV — 6o = r — u\ we have, by taking the value of v! 4om 
(69) and calling r -^ u\ x. 

a; a r — u'a t L- (70). 

r' — r 

The distance firom the centre of a lens to the vertex of its first 
sur&oe, is equal tii the thickness of the lens, multiplied bj the ra« 
dius of that surface, and divided bj the difference of the radii of 
the two surfiices. 

In the double convex lens, r is negative and r^ positive, ^ence, 

X = . 

r'-l- r 

Tlie sign of (x) VO shows that, in this case, it lies on the right- 
hand side <^ the vertex. Since — !! is a fraction, v < t, the 

t^ + r 

eenbrt is therefore between the two surfoces. 

In the equiconvex lens r^^^r^ and 

t 

' = --¥• 

The centre is midway between the vertices. It is from this cir 
cumstance that the point, which we have defined, derives its name. 
The same remarks aj^j to the double concave lens, since for that 
lens r is positive and r' negative, whence, 

r' -{-r* 
the same exfriresnon which we have above. 

(86.) To use the position of the centre of the lens, in de« 
termining the image formed by an object, we observe, that one 
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n,y at the pencil* which proceeds from every point of the 
object to the lens, passes throogh this centre. This ray is called 
the principal ray or axis of the pencil, and when the lens is thin 
may be rejg^arded as sufibrin j^ no refiraotion. It does not fidl per- 
pendicularly, nor nearly so, upon the surface which it meets, and, 
therefore, in strictness, the refraction of an oblique pencil should 
be investigated and applied to this case. Approximate sesults may, 
however, be obtained, by taking the focal- distance already deter- 
mined fyr a direct pencU ; this distance being found, lor the pencil 
proceeding fitmi each point of the object, we have a series of points, 
the assemblage of which constitutes the image. An apfdication 
of this methwl im given in the Mowing proposition. 

(,87.) Prop. XXIT. The object, of which the image hp a comve» Urn 
u required^ i§ a plane perpendicular to the axis tjfthe lens* 

Fig. CL 




Let AB represent a section of the object, MM that of a donbls 
convex lens, rC a line drawn from any point in the object through 
the centre, C, of the lens ; this fine may be regarded as the axis 
^ a pencil- of rays proceeding from P, and nuy, fiuther, be con- 
sidered to suffer no refraction. Call a the distance DO; ic, PC; 
and the angle DCP : we have from the triangle DCP^ 

a a ii . cos 9 , whence 

1 _^ coetf 
tt ~* a * 

but from eqiutionr(38), article 63, 

111 ,.^ 

T^IT^T ^^ 

or substituting finr — its value just lUmd, 



JL=5!L?_4. (71). 



1_ 
f 



The pcdiir eqoatkn iif ■ cOTMc Mctwn MftRcd to the fieus. 
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From this equation, inferences mi^ht be drawn similar to tliose» 
Ibond in the diapter oa the formation of images by mirrors. 

(88.) When the object suhtendt a inudl angle, we may oonsidBr 
its section as a eircnlar arc ; the image will to, also, a oircalar arc, 
since if « is' constant (38), v will be so ; and the arcy will, evidently, 
be similar. If the distance of the object and image, respectiTely, 
firom the centre of the lens, be called a and v, their magnitudes 
d and d\ we shall have 

T-T ''^-' 

9 being tftoomed very small, equation (71) gives, making cos 9 as 1, 

1 _/-« 



V of 

^ 



or 



/—a 
this value of v substitnted in (72), gives 



(73). 



d ^ f-^a 

As long as a >-/, f — a is negative, and the ima^ is reaL To 
Aofw the results of tius case more clearly, put equation (73) under 
theibrm 

. T 7=}' 

If a> 2f, a — /*>/ and-^ is a fraction, <nr the image is less 
than the object 
When a ss 2f t "x *" ^* ^® image is equal to the object 

For a < 2/, a — f<f% and the image is larger than the 

object 

^ if 
The object still approaching the lens when a « / 1 -^ k QO , 

and no image is formed. 
Next, if a </, equation (73) gives for 

d f — a' 

a positive value, and the image is now a virtual one, on the same 
side of the lens with the object It is greater than the object until 
/ — a s= /, or a s 0, that is, until tiM object touches the lens. 

Since the rays cross at the centre of the lens, it is evident 
that when the object and image are on the same side of the lens, 
or the image is virtual, the latter is erect; when on diffisrent ndesi 
E2 
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it is inverted. The sign of — , therefore, determines whether the 

iflMge wiU be erect or inverted with respect to the object, the posi- 
ttve mgn oorretpondlng to an erect image, the negative to an 
inverted one. 

(69.) For the double concave lens from (57), article 76, 

Whence we derive, by following the same process as fiv the oqb 
vex lens, 

i COB 9 , 1 , 

d /+a' 

an expression which is alwavs positive, and a fraction : hence the 
image formed bj a concave lens b on the same side of the lens 
with the object, erect, and less than the object 

We have spoken only of sections of tlie ofaiject, image, and lens; 
th» remarks made in the chapter on the fiirmation of images bj 
mirrors, (Chap. II., art 37,) apply equally to this case. 

(90.) Having fbmid an expression for the ratio of the linear 
magnitudes of an object and its image formed by a double convex 
lens, if we would view this image at the distance of distinct vision, 
(l^. 48 and 49, text,) the apparent magnitude will be increased, 
in the ratio of the distance of the object from the eye, to the Uroit 
of distinct vision. Let i' express the former distance, i the latter, 
the magnifying power of a convex lens used as above described, 
will be expresMd by 

,-i:4,«,.4.7X, p., 

where / is the focal length, and a the distance of the object froa 
the lens. 
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CHAP. V. 

BPHERICAU ABERRATION OF MIRRORS AND LENSES. 

(91.) In the text, pages 57 and 58, the fkd is stated that the rays 
which fall upon a spherical mirror, at a distance from the axis, 
are not converged to the same point, with those nearer to the axis. 
This is illustrated in the annexed figure, in which Litf, LM are the 
extreme rays of a pencil diverging from Zf, and F' is the point on 
the axis at which the reflected rays MF\ MF' meet; LM\ LM' 
wee two rays meeting the mirror near to its vertex />, the finnis <^ 
the reflected rays M'F and M'F being at F. 

Fig.R. 



FF' is the aberration ui length, or ImgitvLiiwil aberrettMn^ of 
the reflected pencil, and if from F a perpendicular to the axis be 
drawn meeting the reflected ray MP in /, FI will be half the 
aberration in breadth, or laieral aberration of the same pendl. 

(92.) Prop. XXV. 7b determine the aberration of a pencH of rayo 
reflected by a spherical mirror. 

First : To find the amount of the longitudinal aberration. 

With the centre L and racUus LM describe an arc cutting the 
axis of the mirror in E, According to the usual notation LD = te, 
CD = r; to distinguish between DF' and DF, call DF' =z i/ 
and DF =b v, and let itfiV =s y, the semi-breadth of the portion of 
the mirror occupied by the pencil. 

The relation of the segments CF' and LC to the sides FM and 
LM in the triangle LMF, gives (as in Peo^L), 

FC _ LC 

FM LM 
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But LMt^.LE^LD-'ED, and ED^KD-^NE, or, 
•inoe ND is the Versed sine of the arc MD to the radius CD, \ 

i)r the stme reason NE = ---- • or, using ftr IM its ^ipra&' 

SXuK 

mate ralue Xr A 

AS = iL , whence, 

£D = ll^i JLVmmI 

9 V r tt / 

"=-f(f-r)- 

Taking the reciprocal of this yahie of LE^ and neffleeting tha 
terms containing the powers of the sine, y, divided by the diamrtir 

dv, after iL. we have, 

IM LE tfLSttVr u/1 

By a similar mode of proceeding, using the versed sines NH 
•nd NDt instead of ND and NE, we should obtain 

But FC SB r — v\ and LC s « -^ r ; and substituting the 
Talues of FC, FiU; X.C and iJlf in the ratio found in the be. 
ginning of this article, 

"V~ L^ ■" 2?" W T/J ~ 

IMviding by r and performing the multiplications by the quanti- 
ties outside 01 the vinculum, in each member of the equation joit 
fimnd, 

r u ^ 2u \r u f 
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We have thus a general relation between v' and tf in terms of 
the radius and semi-aperture of the mirrw. 

(93.) If in (75) we use for i_ — J-, in the multiplier of i^. 

its approximate value, derived &om equation (IX art (7), namely 

— — — = — — — , we obtain 
.V r r u 

J L ^VL (1 LV=: 

^ r 2i/ V r ,u / 

= J._i_+|i(±_J_y.ar. 
r u 2u \ r u / 

&rther, bjr using fSr ^_ 4* ^\ the value given by (1), 

V u r 

and substituting this in the equadon last found, 

JL_JL = J L+ yl(l.^l\ 

tf r r u r \ r u / 

1 =j._i. + j!i(jL_2_y (76). 

V r u r \ r u / 

1 • 
In this equation, which gives the value of — , corresponding 

.. t)' 
to a point of incidence distant from the vertex, we find the recip* 
rocal of the approximate focal length, obtained when the rays were 

Q 

supposed to meet the mirror near the vertex, namely, .^ 

r 

— , and a correction for aberration. This correction contains 

u 

JL , a quantity proportional to the versed sine of the semi-angle 

r 

of the pencil, and therefore depending upon this angle, or the semi- 
aperture of the mirror ; and also r, and u, the radius of the mirror 
and distance of the radiant point If these latter quantities are 
constant, the aberration is a fbnction of the semiraperture of the 
mirror, llie correction for aberration is additive, showing that 
the reciprocal of the focal leng^, for rays distant from the vertex, 
is greater than the reciprocal focal length of thoseJiear the vertex, 
or that the point R is nearer to the mirror than i% 



a 
»or. 
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(94.) Far foraUel rayi — =0, and from equitioii (76), 



i- = -?- -I- J^ , whence, 
V r rt 



r» 



peHbnnmf the cBviiioo, and neglecting the powen of y higher 
than the aeoond, 

Hie C9rrettion for dbemOUm m, therefore, — -^ , or — .^^oris 

mibiraetive, and eqatd to the square of the eemi-aperture tf the 
atirror divided by eight Hmee the principal food lef^gth. 

(95.) Sboono: To find the lateral aberration of the «ctreme taj. 

The value of J*/, which meaaurea the lateral aberration of the 
extreme ray, may be obtained aa foUowa. In the aimilar tiaaniriea 
F'FI and F'MN , 

IL^ ^L, and FI=zFF.I£L. 

FF yW FN 

F'if, and the value of the aberration ia 

■ '■'-•^'"•^ ^^ 

in which aU the terma are known when FF haa been determined. 

(96.) We propose in this article to determine the poeitioD and 
magnitude of the physical focus of a mirror, or of the circle which 
inchides aU the rays of a reflected penbil, when they are apread 
over the least space. 

V 

Paor. XXVI. To determine the poeition and magnitude of thedr- 
ek of least aberration^ in a pencil of rays reficted by a eomeate 
mirror. 

In the figure let LM be the extreme ray of a pencil, incident 
upon the mirror, MF' the corresponding reflected ray, F the focm 
of rajs very near the vertex. Farther, let LP be any incident 
ray, m the lower portion of the pencil; PR the corresponding ro- 
fiected ray intersecting MF' produced in c : draw cb perpendicular 
to the axis, fitmi the point c. If we suppose the arc DP very amaU, 
the reflected ray, PR will coincide very nearly with the axis, and 
the distance cb will be indefinitely amaU; aa the arc DP inaeaiM^ 
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the reflected rays heinv removed 4&rther from the axis, c&, at flrft, 
increaies ; it aflerwarcb diminiriies at the point of intenection of 
PR with the axis approaches to F\ and when DP s= DM, PR 
coincides with PF\ and eh yanishes. Between the case, then, in 
which DP is verr snudl and DP a DM^ there is a position of 
the incident raj LP, for whidi the reflected raj PR sives a nuud- 
mtun Tihw fat cb When c& is a muximnm, all the raTS of tlM 

Flg*h 




reflected pencil pass through the drde of which that lin* is lh« 
radios, which is, thus, the physical focns of the mirrcv. The 
question resolves itself into determining the vahies of ^^6 and e6 
when the latter is a maximum. 

CtJlMN,y; Fr,y'; DF,v; DF',t/i FF\ the longitudinal 
aherration, a ; F'b a x ; be ssa x. Since (art 93) the aberration 
of a ray is proportional to the square of the distance of its point 
of incidence, from the axis of the mirror, 

FR : JRF' : : PT^ : JCV^ : : y'^ . yj ^ o^ 

Fpf ^ FR : FF* t : y^ «. y'a . y» ^ whence 

PRm 

But flrom the simSar triangles JP'^ and F'NM, 

heibPiiMNiFN.or 

U^bF.^. 

And flrom the similar triangles Rbe and RTP 

RbihciiRTi TP^at 

Rb^be. — ; 
TP 

substituting fl>r (e m this expression the value fliund above^ 
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MN RT 



and by the notation, 



Rhx^ir.—-.—-, 

F'N TP 

i» y RT 



FN y' 
If we epprosdmste, fey eonndermg R T and F'N to be eqaal* 

J2& ss d? . -^ , and 

y i 

Eqoatingr this valoe of FR with the one before found, 

V 4- V V^ — v'^ 
« . - ^, = « . ^ r^— , whence 

/ y3 — y'a 

y". y + y 

Af we have supposed the ray LUi to remain fixed, and "LP to take 
diflerent poiidons, and have ibsnd, 

2 s=: OC s= oF • • 

£« (or it) will be a maximum when'ftl^ (or x) is a maximum ; but 
^rom (79), a; is a maximum, since a and y are constant, when 
y (y .. y') ig a. maximum, or when 

y'(y — y') = y'3, OT 



In that case, from (79), 



y' = -^ 



X = -fIL- = -^ (80), and, 

4y^ 4 

^ - ^ 3fiV a 3f2V 

FN 4 T^ 

If a perpendicular. Fit be drawn from the focus F, of rays m- 
cident near the vertex, to the axis, meeting the extreme ray ^SF 
ji i| by article (95), 

M.N _ FI 

FN FF' 

whence the value of z, or .^ . __ — , becomei 

4 FN 

'=^~ (81). 



^i|A*>T<t mrnxaacAL ABtrntATton. .01 

Fmn d^n nlpei, (30) uid (81), of z and i, U oppeui, tiat ti* 
£M«nei f/' tie eirclii a/' leiul abtrrafwn, fran tie faeui ^ ray) 
acar ll< twrttz,!* tkrttjearQiit o/' (A« lon^iujuial oinraluii o^lM 
«x<nm> ray, SMif tAot tie raifuu of tie (mne circb •« mm fiurtk 
t/iht Uttral titmUian iftk* txtrtwu ray. 

^herical Aberration tjfLente*. 

• f(99'0 iBtUafarcatigmlioa wBbegiii bj determiniii^ tlie abetr». 
tion pndocad Ij a angle rarbce. We ahall umamt Ibe Ugbi In 

thNB^ ilB flnt BUT&CS. 

Fmt. XZVll. n JdcfMfae ft* okrrolJm jiriNliictd kf a a»gl4 



Iha punge of the raj. ftmn the mrer Id Ihe denter medinin, the 
■ne of iBfractiaD beiar nmtr i tluni, b; pcoceedins w in utiol* 
.(tO),ai^UI,wefii>il 

ac ^ Fc 



From the eenirei R and Pwhh tbe raOil RL arid FC, ntpao. 
tivelj, de«:ribe the area LS and L T cutting the aiiainSind T; 
Sr will be the djfierenoc between RV ind JU., and TV Out 
betmtin F^ uid FL. IT the perpeodicalar /.iV be lit fUl, flnik 
Aupcm£haQ.iaRV,Sy= W— AS, and rV=Ar— JVT. 
*Alinthena(iitkHiof Chap.III.,)et IIV=ii, JT=»', CVv rj 
•»d oati UV, y. JtS i* tlie vereed abic of the an: XS; JVT of j;r, 
•nd JVVof LVi and if for the chord of each of thoae aioa w* 
MiIatitDtB, k* an approiiniale value, the aine, we have 






or latititirting ibr JtL and 12; tbe mpprttdmiiBtilaBiJBTtad 

MsJL. ivr=:4L. NVssz^ 



2 \ r y / 

Unb tiMM TahMt of fi^F and TT we obtain, 

2 \ r » / 

FX = FF^ STF 5= I.'— ^/JL— i-\. 

Takkif the recipoicals of RL and FL, that is dividfai jr nmtT ^ 
Hm Taluea jnat found for tboae linee, and neglecting the tenna wmOk 
iBVolfo the footients of the powen of y^ by tbwe of «, after tht 

int Imn, / ^.j) > ^"^ ^^^ 

iPX» «' L «' \r u'f 2 \ 

IVom the firnre we haTe JtCaa J2F— CFwH-^tV aid 
J>t7«> FF—- CFasu'— r, and the equation for the reiatloa of 
JBC, jRA ^ an<l Fi; becomes 

u — r 






[■+4-(^-4-)f] = 

[• + -r(7-T-)*l 



• Fe yfo r uMUf the divisions hy i» and u', indicated by the tenns of 
\yii ^tlatioo, and dividing both sides of the equation by r, 

(f-4^)D+4(i-4)*]- 



yetttummg the multipGcatiaiis reqoiired bj the ezpreiiiQiiii, 



tdhie ibimd; (36) wt 50, en t|ie rappputioD j^iat the penca k 

■mall, and the thud eoDtaiiie the eoReotkn fiMr the aherxatioi^ 
dnoed hy the single spherical stirftce. " 

(98^ Ifbe e^qiresaion ^ist ftjond, may fa^ «m ppfi ^ W Wbsti* 
Mmg m the terms of die second member fbr ii\^^ipUkiiiait» 
nloe fircxh equation @a)i ¥^ ^* Frm thnt ngnatwa '-'ii 

-7- =s — + (?»— .1) — t whence, 
w u r '-.. 

r tt' m \ r u f 

(1 LV=i/J L\\ 

^ Biegd(wrtoredaee,withgrsaterceiwemeno, the coeiBoispt cf 
£.i»(82) to its simplest £irm, call that qoeffident Jfc, thn fq^. 

iCitiituif in it the approximate Tabes of J!L and /JL ^ JL^\ 

%' \ r av 
juit ohtained, we htT% 

, ..(i.+<.-«j.).j,(i_4.y 



•4 CABBB OF NO ASeKRATtOvS APnfif^IX. 

»-(T-v)'[i(v+<-''T)-Tl- 
'-(f-T)"(f-^)-^ 

wfaawt (89) beoomef 

(Ml) WImb the rarftee is eoovex, f Is neg&tife, tnd (8S) tekes 
tiMftm, 

m 1 m— 1 m-*— 1 

And 6r o mwfin f njMy « being n^fatife, 

m 1 m— I mr— 1 



i 



llisteni in (85) whksb contaiiiB the corroctioii ftr ibezvstia^ 
viBMh if either of ths ftotort eompoeing it rfioald be equal t» lera 
First, let 

i.-iMli=o.thetti!L±i = i.,ar, 
r , » . «B r 

*. I:r::«-f-l5«." 

T%flie is» thsrefive, no aberration for ooaseifing ra^iaffinf 
upon a convex spbericiil snrface, when the distance of toe radiaat 
pohit Ss a foottn proportional io 1, r, and n» -{. 1. FWim'wliQnfle 
Iba result oa page 56, of the text, is easily deduced. 

. K«t, let 1 

• ' '1 1 

.^ — = Of and u as r, 

r ft . 
cr the incident ragrs converge tf t|^ centre of the. 



(100.) In art 43, it was remarked that making m ss -» 1 in 
tiie ftrnrale for refractioii, the cases woold represent the cor- 
respondmg ones m reflexioii. Making m ss — 1 ui (83) we hafSb 



•r • r r \r »/ S 

a ftmtt whidi anoM with oqiuitioii (76), art 93* 

(101.) Pmt. XXVIIL ThdetenmiMattiherrmtkmimmfmaftf 



snyf^ (tfUr refraditm hf m §pktridal lm§. 




it being <ht oidiaiit pobt of « pencil of raya fidUnf mn % 
IflM LVVL', let iZL be the extreme ray of the pencil, and /{^ tho 
Turtoal fiMua of the extreme raya, after r^fractioii by the firataor* 
ftce of the lana. If now we aappoae a pencil to pi ooa ud &om R^ 
conaidered ia in the denaer inedium, tlie extreme ray of thia pencil, 
RL\ will be refracted into the direction, L'M, whiea, if continued 
backward to F^ wilt giv^ t^ virtual ^ctia of tlie extiieine raya. 

Ai befiiKe, repreaent JRFby ti, Jf Fbj iiLand CL by r:ftrtiber, 
lrtJn^-t^,FV=i>, W-r'.andrr'ssfc ' ' ' 7r~ 

By the preceding propoaitioQ (equation 83,) we have 
-L ^ , m — 1 . n-r^l 



#'-"-?iy(f-4-)'-f 



(83). 



The caae of th0 aecpod anrfiico will cocreaDond to that of the 
Ibat^ if we oonaider JP the ra^ant point, and R the yirttial ftcoa; 
• mufit bo wsitten in (83)« for m tf lor vV «ad f' &r r; wo t^ 
obUja 

m I , m — 1 j^ in — 1 

Fa 



<M wnaaaoAL a^umxtiov of unmi. ' Atimsmv^ 

1 m m<^l t^— 1 

M •^a-W + f, whence J!!L= _!!L., perftnninf UiedifiMOtt 
and ncgleeting the powere of I Abeve the fint» 

We wmf &itber approximate to this Talne of ^ , bj ■obeti. 

tutiDf ftr — . « in the teoood member of the eqnatioii, ita wf- 

»'* 

pieKimato TaliM, flom (26), art. 50, namely, 

i.= X/-L+iiZ:iV; whence, 

te'wMoh the TBlt» of ^ , fhxn (8d}, being wHtttti, 



m 



« r m \ t» r / 

-1/1 m + K /I _J_y y« 



By aabatitating for ^ , in eqnatkii (86), its vahie just ibond^ 

V 

wehaire 

■(^-■l-)"]? <»^ 

' We^BM, in thi^ Ibrraida, first, the two terms wMdi dmMfStm 
reeipfocal of the focal distance of an indefinitely small peatj ; 
seooiid, the correction fiv thickness; and, in the last term, the 
eorrection ibr aberraticm. 

(102.) The ffeaeral/formala, (87), becovet less ttm^pkx^ and 
ffivlM resolts <tf etfnaiderahle pra^t^ knportaiioe, whOi^iq^plMd te 
ne ease of parallel rays. 



tMJLt. "t. finOBStOAIT ABSBBATIOK. W 



#1 — 1 



Prop. XXI^ TU incident iipyt hein^ pardOd, to d§Urmine flU 
aberration of the pencil after refraetum by a epherical lent. 

In tfab caae, — =b 0, and (87) beoomesi 

i=.(.:.,(j._j.)_^.a^+^ 

[^-(7-'4^)(7-in¥-« 

The oanrectkm for thidmese, contained in the second tenD* haf 
idready bsen teparately donsidered, articles 55, 67, &c. ; we inaj 
tberefixra leave it out of the qoestioQ here» making in (SS) t mi 9, 
Farther, to approximate to (be value of v, we niay substitute £ar 

J. in the seeQiid meoftber of the same equatioo, th^iappraximate 

yahia -L , or (w — 1) ( --\ » obtained by making — 

f ,\ r r / » 

«. in (28), art 53. 
We have, then, from ($8), 

or, taking Ae vdue of «, dividing by the demmihiilor llRtt te)i» 
and neglectmg ue powers of/ higher than the second, ^ 

m — 1 r 1 /I «»-f 1 \ 
Che c&mvrtioit in Isi^ therefore, is represented by 

(i-f)"]-^ '^ 

(1090 1"^ "n^y ^ iormula just obtained, to a double cswMS 
iaiMi r and / (art. 62,) must be made negative, whence 

-[-^-(7+^') 






ma L r' \ r' ' /. 

(7 + f)'] • '^- 
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# =: 



. (4- + ^)'] . iif »» 

Hilt value of tlM ■bemtkA'htfviiif the podciie fifiw m^Qe Hm 
■pproziiiMte local Iragtli has the negative siffii, iia tifocX on the 
ftttl lenfth, lor n^ not nfar Hie vertex, is si$>tractive ; pliowii|| 
MM Hm IboM of mkh faye la nearer tho lena, tfaan the fteoa or 
raja incident near the vertex. 

(lOi.) For an tquUanoex^ gla$$ km, r ■» /« m ■■ -^-« •nd/ 

■a r, dierefardiiiff the sini, ainoe / (fac alreaii^ been naie 9^1^ 
tfve in (90) ; andfirom (§0), *' 

-ff- 

If we eop^oee llie^eatn of lig^ to oooopj tlie wliob apertore 
ef the kne, y becomei th# fNni-breadtii, and y^ zssJL .fk 

ef «, jnellBrand, 

tlie reeidt atated in paragraph 3, page 53, of the text 

(105.) If«s=^,andf:t'::3:5;Qrr's=: ^r, wehavi 
from (3o)y 

gi ib i *t tu tl ng these values of m, r^ and f in <90), reooHeeCing 
that / haa been already made negative in that eqoatioii, and mt 
new its va)ae is to be piao^ there withi^ n^gard to the ^ga, it 
gtfoe, 



TtH + (&■*■ T'isr) 



» / 
Tluui if the ease of an vieqiully cxMxnai kna, in whieh fba mam 
eonyex aide ja turned to ineictent light. 

(106.) In the jUm^cmiMea lena, if the plane aide be tar&ed 

taaianb peraU raya, -L = o^ and / s Sr' ; if &• matnid be 

glaaai » =3 ^ • and iOmn (90) we obtain 

-f[''+-f)4]»f- 



-4.5^ 



4. St 



The reantt i^ren in paragraph 1, page 53, of the text 

in Ae aame koi^ ifMh the eoBfez aid< fimied to piraBal »]«» 



A. ss e, anc^MB 3r, whence from (90), r and / ha^ng already 
ieen made negative,^ 

• ei.nJ!! :r= i.n.t 
/ 

The reault atated in paragra{A 3, page 53, <^ the text 

a07.) Paor.XXX. 7b <2eteniitfie fib twfio of Oe fvdit afAa aiir. 
/oeet of ff <2otiUe eonvex leYw, w^A tJ^ produce th$ umH o&er 
roHoR, totCil a- given focal length mnd aperture. 

To aohe thia qaealion we moat determine the ratio of r and / 
when « ia a mimnram, / a^d y bong conatant 

Differentiatiiig the value of a given in (90), eonaidering r and 
/ aa variable, and disre|:arding the oonatant moHi^iliera, we obtain, 
after chaoging all the signa, 



*- — + V-F + •^) • (-7- 1 7-)7r 

Bift fttom tqiMtion (36)i art G3, we hafv 

■»• •!- — ^7- SS •■> ■ • -~> « WllBIICe^ DT til iwi Wwmwigt 

r r ifi— * / 

dr rff^ _ ' 



dr t* V / ^ / / 

f-«.(i+=fi).(4+j-) 



Fnm •qn^M^ (36), ^negirdips* the fign otf^ 
1 _ 1 1 1 

Sufc i titutiny tbii valne In 02), and ananging die fama 

8 '6 3 U^ fkm + 9) 

•» >r^n)jF ■*" (m -* l)y« /• Jp~ "^ 

2(111 4. 1) 1 9 1 ^ ^ 

" — -p 71 — ]^— j5" ^^*» 

-(;~r + ^ + «)-:^+ ' 



Jl 



-7- -7-. •"'-=-5-./; 

kit fimn (36) 

CMDpuini^ togetfMr tlie TikM eiytahiedibr r aa^ 

r J / :: I : SL 
Thitlentifkiiowiito optidami ai the erotM^kot. 1^^<hi 

note conyez ndft tamed to peraM nje the abenmtion ie i£ . Z. 

1* / 
iHiich ie lees tbAn that fi>r the plano-bentex lens with fib donVex 
aide tamed to parallel raji. 

(108.) It would carry us beyond the limita of thia Appendiz^ to 
fo into the inveatigatioii of the aberratioa of oomUned leoaea. 

Before leaTing thia aobject we porpoae to show a method hf 
which the surfitbea which refifact rays abeorately to a point, may 
be determined. 



Plaor. XXXL 7b ddermim ike curuOurt ef tk§ •Mtfaee tf m 
dmm^ 90 tktt ray pa99mg uito tt, from a rttrer moHmm^ May ho 
rtfrmcUdtompotiU^ 




Aa we have fmnd a concaTe aorftoe to giine odiy avirtoal fteoi^ 
irt proceed, at ohoe, to examine the caae in whidi flia aor&oe oi 
the denaer mediom ia convex., Let jR be the radiant pomt, RL a 
ray meeting tiie aarfiuse at L and refracted t6 F: let X' be a poiiil 
&rthBr fiom the vertex V than A ^^UJ beinf the incident and 



^^K ***~**^ •^»'^^^^^^W'**^^^^^^^^^^^^^ffi^^r'i 




L'Mt and J^'i9 upun the incident and refracted rays J^ im<f X^, 
tMpectiTelj. Zfli' will be neodj equal to the aicrement of the 
incideiit raj, and LS to tbe decrement of the reiracted ray, in 
paasing fiom the point L to JU. CaU RL, u\ and LF, — «'. liieB 
if L' be aupposM ve^ neat to £» XrH « ihi', and XJ' » Ai'. 

In the trianffe L^LB', . T^ ^ ooa. JiU^' :=s ttn*^ incideBce, 

Uu 



ud in X'LS; 



is ToeTSlSI sin. r^nctlon 

LB^ gjo. incidence 
"ST §in. r^ractioa ' * - ■ 

= !»» or, 



tht Alforantial eqvMtioii of the curvv which, br a revohition about 
||ijHda RF^ wiUproduoe the sur^ce required. To inteprate^ kt 
MVtm u, and Fv^ ^ «, th^ oomplde inte^ isi ($4) "vHttfii 

(1090 If thft incident rayp be |wra2^ti' — tis F3i;/r.N« 




V M 



If we put VMtss ^ — ar, (95) beoomea 

4 — «»«(»' — t)), whence, 

« =s v' ft 1-, or, 

m 

«cst/_iL-|-± (96). 

m m 

The eqiiitton &r the distance of any point in an eQi|«e firom 
Ae fiurtiier foeus ia, (Young's Analyt Oeom. art 47, p. 1$), 

9 =s A 4- ex, 

Ib which a < 1 ; with this (96) agrees in form, and wiH be identical if 

; * ^ PS € = 4., and »' 4. = ii. 

\ , m A m 
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SaVstitoting for m ia the second of these eqiuitioiis, Ht iralno 
from the first, 

v' ^'C ss Af or v' sa A ^ e. 

We find, then, that an eUiptoid of which the 9etni4van$ver9e 
axii i* to the excentririty ae the index of refraction ia to ujnty 

I ^ i^z tn\ wiU refract parallel raye, aceuratdy^ to the farther 

/OOMS. 

If a lens be formed, of which the first surface is a portion of 
the ellipsoid just determined, the second surface should be (art. 99.) 
a portion of a sphere, having the farther focus of the ellipsoid as 
its centre {Jig, 38, text). 

(110.) Equation (95) may be applied to the case in which the inci- 
dent pencil passes from a denser to a rarer medium, through a con- 
cave surfiice. Then FL, FL\ Jig. M, would represent the incident 
rays, and LR^ L'R the refracted rays, and the ratio of thstftSne of 
inoidenoe to the sine of refraction would be represented by th» 

fraction — ; substUutbg this for m in (95) we have 
m 

v! ^u z=z -L (t/— r) (07). 

m 

For the case of parallel rays, {Jig, 40., p. 55, text,) by proceed- 
ing as in the last article, makmg u! — tt as ^ — - x, 

v' — u c= m (il — ar), and 

» = »' — mA -f vix ; 

an equation of the same form with that before obtained, and re- 
presenting the distance of a point in a conic section from t}l« 
fiirther focus ; in it 

m ^=1 e z:;z — , and v' — mA = A, 
A 

Since m > 1, e > 1, and the equation belongs to a hyi>erbola. 
(Youngr>g Analyt Geom., article 79, p. 104,) the equation of 
which is 

t>' ss A ■\- mA = ^ 4. a* 

I^ then, we fiurm a lens with the Jiret eurface pUne^ and th€ 
eeeond that of a hyperboloid of which the excenirieity is lothe eemim 
transverse as the index of refraction, of the material of the len$^ 
is to unity, parallel rays, incident perpendicularly upon the Jim 
outface of the lens, wtU he refracted to the farther focus of tk$ 
kyperboUnd which forms the second surface {fig, 40, text). 

(111.) The eases in which the aberration of converging rayi 
upon a spherical surface is zero, (art 9.9,) are contained in (95); it 
is unnecessary, however, to diHCuss it farther 
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(llSi) The ftrms of minrora without «benstioii maj aim be 
iaArred from the equations just discussed. The nrnwex miifov 
will be fiven bj meluiig m as — 1 in (94), whence, 

d%i^ j^ dvcs o, and integrating 

^^i/(rv)^C (98). 

BjT this prepertf we recofniae the h jperbola, the distaaoee ti' an4 
-1^ bdng those of the point, fixxn the two foci. 

For a ooncaTe mirror, «' and v' have the same sign, in eqoatioB 
(94), and 

du* _^ ifo' ss 0, or, 

u' ^f/^C (99). 

The mirror is an eUiptoid, the radiant point coinciding with one 
fieu$, and the ray$ being cMeeted at the oppoeiie facn». 

If one foens remove to an infinite distance, the ellipsoid becomce 
a panleloid, into the focus of which the rays which haTe been 
Mpposed parallel are collected. 

CauBtics by Reflexion. 

(113.) It is not intended to enter fully- into this subject in rda- 
tion to both reflexion and refraction, but to confine tlie diaeuasioii 
to examples of the caustics produced by reflexion. 

The formula for the oblique pencil, art 29, dLC, gives, in certain 
cases, an elegant and easy meUiod of determining the form of a 
section of the caustic surfiioe, produced by reflexion from a 
spherical mirror. 

Peop. XXXII. 7b determine the form of the cauetic produced hy 
the reflexion of a peneU of rays from a spherical mirror^ when 
the rays are paraUel; and alio when the radiant point ieata 
diam«ier*9 diiance from the vertex of the mirror, 

FnuT. When the radiant point is infinitely distant, or tfie rayt 
parallel. 

U>Jlf representing a section of the mirror, let RL be a ray uici> 
dent upon it and reflected into LB; then, the focus of a small 
pencil meeting the mirror near to L will be the point F foond finim 
the value of v in the equation which concludes art 30, namely, 

V :s JL . cos. ^. 
2 

To esostruot this value of ti; let fidl from C, CP perpendicular 
to the. reflectod ray LB, then 

LP ^ LC . COS. f tmr. COB. ^, whence, 
e- ^ 



CBAT. V« 



CAUSnCS BT BSFLBXIOir* 



Bisect LC in £; and hP in F, then LF£ u a right angle; th« 
point F, of the caustic, is, therefore, in the ciremnfereooe of % 

circle of which hE = — LC is the diameter. Thieheia^tnis 

of each point in the curve, the caustic curve is an epi^doid, tfao 

#V. o. 






-^ 



V 



\J6 \ \ 



l:::^ 



^e^ 



\4. 



J ] i 



J' 



J 






.diiimrter of the ipeneratiDg circle of which is equal to the radios of 
the base; this latter being half the radius of the minor* This curto 
and the circle LDM revohring about DC, as an axis, would |eoe- 
rate, respectiTelj, the surface of the caustic and that of the mirror. 

SiooiiD. Let the radiant point be at the extremity of the 4i* 
ameter of the mirror. 




The ray Air ia reflected into ZJI. To find Oo poritiOB of F 
i^on LB; wo recur to equatioii (U), urt d9« 
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-L 4- i- = ^ 



» V r; COS. ^ 



ZHnwinf CP perpendicular to RL, 

LP « r . COS. f , whence, 




1 1 _ 2 4 

« "^ » LP ^ RL ^ 




1 3 
— — — • or, 

V u 




u LB 
*= 3 = 3 • 





If CB be made = — -. , the perpendicular firom E to LB wiB 

'mtenect it in the fbcoi F, The locos of these foci is, therefore, 
■n ^ioydmd, of which the diameter of the generating circle is 
to the radius of the base as two to one. This curve is the cardioid 

(114.) In considering the subject in a more general point of 
view, we may determine the equation of the curve of section of 
the caustic, the position of the radiant point and section of the 
mirror being given. 

Faop.XXXIII. Tb determine the equaiitm^fAe curve wkidki9tht 
eeetitm of m eauetie formed by a eurvea mirror. The seetiom 
being made by a plane pmssing through the axle of the mirror. 

We refbr the curve to polar co-ordinates, the radiant point being 
the pole. 

Fig. a. 




•Let B and B* be two points very near each other upon the curve 
which is a section of the mirror ; let C be the centre of the- osco. 
lating circle to the curve at either of these points, so that the 
^rtioB of the ^rcle and curve nearly coincide between B and F. 
iSB, RB representing two incident rays, BF^ BF ai« the w 



CEUP* V. CAVmCS BY BSFUBXIQH • 117 

fleettdnys. Call AB » ti, BF ««, the angle J2BC «> ^, jBITC 

as ^', Ifae perpendicular i{P, upon the tangent BP^ » is the ra- 
dius CB «« CB' » r. Join FJk and let &11 the perpendicular BQ» 
upon BF, F being a point in the caustic, jFR ia the radiua 
yecior of that point and RQ a perpendicular upon the tangent; 
call JftF, »', and RQ, p'. An equation between u[ aad.y Wltt'fw 
that of the caustic curve. 

In the acute angled triangle RFB^ since the aegmeat BQ ■■ 
RB . 008. BBQ> 

tt's » tt* ^. 1)3 — 2ue . COS. 2^ (100); 

and m the right angled triangle RBQ 

p'sBs u , sin. 30 (101). 

To eliminate cos. 2^ and sin* 20, we proceed as ibOowa. (Knot 
RP and CB are perpendicular to BP^ they are parallelt and tht 
angle PRB a RBC » 0, and 

COS. = -£. • 

But, by trigonometry, 

COS. 20 » 9 coe.a — 1, 

■ad by substituting for cos. the value just gtTMi« 



oos. 

We hvt9 also, by trigonometry, 



tt^ 



in.20«B\/l — COS.3 20, or. 



auu 






rin.2*=%yi_4. 



Siibstitutinfr these values of cos.^ 20 and sin 20 hi (100), aii4 
(101), reqiecttvely, we obtam 



•'a 



: 1,3 4. „a_2tte /J^ A , and 

The TaloB of »'* may be written under tht mors aim^ ibtm, 

uf* =r (tt 4. •)«-. ±!i aos). 

II 
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TIm rehtion between ti and o given by equation (11), art 529^ or 



nor. 008.^ 

J be applied to thii caae by takinr r to represent the radios of 
fttUdJa;^ circle, which i^' ^ "^ 

udu 

flqbstitating this valae for r, 
— -f. — =r — - = — -T — ' — -- f Off emoe 

» ». ttlttt ^.^ . M^.COS.^ 

- • O0B« 9 

COS. ^ =s JL, « 

±+ L=^,whenoe, 

It « JK^tt 

O ptt(ftt 

» = £!1*5 a04). 

If this valae of v be substituted in equation (103), we shall 
obtain a new equation, wliich, in conjunction with (102), win give 
the rehUion of «' and^' in terms of ti, |>, du^ and dp. The ndation 
of the last four quantities mentioned will be p^iven by the equation 
of the reflecting curve and by its difierential ; eliminating these 
Quantities, there v^ result a single equation between tc' and /, 
tne equation of the caustic curve. 

(115.) To give an examine of this method of prooeedmg, let the 
reflecting curve be any portion of a logarkhmc Bpiral, or fi^iicfa, 
the equation is, 

p S9 mu. 

The general value of v (104), is first to be api^ied to this par 
ticular case. 

Diflerentiating the equation of the curve, 

dp a mdu^ whence (104) becomee 

^_ pudu _ pu _ pa _ ^ 

Umttdu — pdu Smtf ^p 2p — p 

This value of v substituted in equation (103), gives 

t.'» r= 4»»_ i£!!L = 4»»-_4|i>, or, 

u 

«'» -. 4tt' — 4m*u* « 4u' (1 — ««), and 
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Aho, fiom (103), 

or unoe we have just feund 

The Mction of the caustic sorfiice is, therefbrei a hgarUkmic 
" -' dotting ofdy in position from the rejUeting curve. 



CHAP. VL 

ON THE DOUBLE REFRACTION AND POLARIZATION OF LIGHT. 

(116.) Althoikgh it does not enter into the design of this Ajipen- 
dix to show the method of deducing, from theoretical considera- 
tions, anj of the genend laws of C^cs, I have thought that it 
ma J asswt the stodent to give the rormulfB to which these conskU 
erations lead, or which have been deduced from eaqieriment, in 
certain particular cases, discussed in the text The formula, or 
general kw, once remembered, the details of the phenomena flow 
naturaOj from it, and the memory is not tasked to recollect indi- 
vidual results. 

Double Refraction of Light 

(117.) The formula whidi represents the law of extraordinarr 
refraction in doubly refracting crystals, becomes, when the inci- 
dent ray is in a>p]ane passing through the axis of the crystals, 

m'« = m* — (m» — m'^) . sin. » ^ (105), 

in which m' is the index of refraction of the extraordinary ray, m 
that of the ordinary ray, and the inclination to the axis. In the 
spheroids constructed m the text {Jige, 77. and 79.), to rive the 
index of refraction of the extraordinarr ray, if the axis yndch eo- 
incides with that of the rhomb be called 6, and that perpendicular to 

the same axis a, then by the construction a = — . , and ( =s -L . 

m m 

whence (105) becomes 

A»hai9Mm> m\ot \.> L.ibBiUa^ bt^{JL ^\ 



.80 INCIDBlfCB ON ▲ BKCOKD CRT9TAL. APFBVDIX. 

(^.77), will be iie|r«tive, whence the term crytUiU with a i*^g>- 
Hv cjrtt which applies to diis dais. When a < & {fig* 79)^ 

7 < ~ orm' > m, and (-. 1 beoomei addittve, and 

ha \h^ a^ / 

the cryitala are said to be eryttdU with a poiiUve oxtt of doable 
refraction. 

(118.) In the plane of principal eection the tangents of the angles 
of extraordinacy and of ordinary refraction are in a constant ratio 
to each other. In the plane perpen^cular to this, the law of the 
sines apjdies equally to the extraordinary and to the ordinary ray, 
but the value of the constant quantity is different ^ the two rays. 
These are the onl^ two cases, in which the extraordinarily refracted 
ray is contained m the pUne of incidence. 

(119.) When light which has been polarized by double refractiao, 
in the plane of principal section of a crystei Iceland spar (fi^ 
HL and 85., text), passes through a second cijrtal, the relative 
brightness of each image, supposing that no hght is lost by re- 
JsnoA or absorptioii, may he expressed by the fblkiwing fucinula; 
In which Os, J5r, Oe, and Eo represent tfaie images formed as de- 
•ovibad on pa|;e 140 of the text, a is the angle which the plane of 
principal section of the second rhomb makes with the same plans 
m the int, uid ii is the brij^tness of the incident ray. 

t 
Os = .1 il . COS.' a zss Ee (106). 

Oe -= i. il . sin.3 a =z Eo (107). 

The ram of the brightness of the Apr images, 
O0+Ee-^Oe-^Eo=zA (cos.' a ^ sm.* a) =z A, 

Ftcm the foregoing 4brroule (106. and 107.) we may trace the 
ehanges of brightness in the several images, as described in paffes 
140, 141, of the text {fig. 86.) 

When the principal sections are paraUel,<i ±= 0, cos. a ss 1« and 
•in. a S3 0, thereibre 

Os rs JSs = i^ * OesszEo ssO. 

U 

TBj turning the lower crystal, a assmnes a finite value and the 
ima^ Oe, Eo appear. As a increases, sin. a increases and cos. « 
diminishes; Oe and J^ there&re, increase in brightnen, azxl O^ 
Ee decrease. When a =r 45^, co&a = ettn.a,andtheibarlm. 
ages are equiOly bright The angle a increasing ferther, Oo and 
^beooniem0reandmorefidnt,and^]sappearwh^as:90<>; al 



CHAT* ▼!• POLABIZATION OF LIOHT. 81 

this angle Oe s=z Eo ss ^^ A. The rotation of the lower crystal 

being oontinaed beyond 90^, cos. a takes the negatiye sign and 
increases negatiyely, while sin. a again diminishes ; wbra a ta» 
180^, cos. a =3 — ], sin. a ea 0, and Oe, Eo again disappear. At 
this angle the two images Oo^ Ee coalesce, the two extraordinary 
refractions taking place in opposite directions. 

PoUtrization of Light by Reflexion. 

(130.) When li|fht has been polarized by reflexion from a but- 
ftce, npom which it falls at the maximum polarizing mingle, the 
ibllowing empyrical formula, determined by Mains, unll represent 
the intensity of the liffht reflected frbm another surface, npon 
which the pencil is incident at the polarizing angle : (Jig, 87, page 
143, text.) 

/« A. cos.« a (108), 

in which / is the intensity of the reflected light, A that of the inci- 
dent hgbt, and a the angle between, the plane of incidence and that 
of the second reflexion, or the azimuth of the plane of the second re- 
Qexion. When a =s 0, or 180^, / is a maximmn, and when a »■ 
90°, or 270^ / = 0, and no light is reflected. 

As a consequence of this law, a beam of common light, as fiur aa 
brightness is concerned, may be represented by two beams of 
polarized light, having their plants of polarization at right angles 
to each other : for, the angle between the planes of polarization and 
of reflexion of the. one l^ng called a, that of the other will be 
90° — a, and fixnn (108) we shall have, for the brightness of th* 
two reflected pencils, 

I =» A. cos.^ a 
r « A, cos.a (90 — . «) « it sin. «a5 
whence, 

/ -I- /' =s ^ (co8.a a 4- 8m.2 fl) =a A, 

the sum of the intensities, of the two supposed pencils, remaining 
the same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (108) applies \o the case of light polarized by refirac*, 
t&OB, and incident upon a reflecting sur&ce at the angle of com- 
plete pobrization, a being the angle between the plane of polariza- 
tion of the incident ray and the plane of reflexion. 

(121.) The law, deduced by Sir David Brewster, as expressmg 
the relation between the phenomena of refiraction and pdarixatum 
by reflexion^ when light falls upon the first sur&ce of a body, ia 

tan. P » m (109). 

P being the pdaraing angle, and m the index of refraction of the 
materiid used. 
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Tnm this ibrniiila, if we rappose the liffht to be inddent at the 
polariiiiif angle, and call R the angle of refracgtiim at this inci- 
denooi 

tan- P =!I2L£ ; but tan. P = 52J^ , whence 
■in. Jt ooa.P 

sin. A «s oos. P, . . . . . (110), 

or the maximum poiarixing angle is the complement of the oor- 
reeponding angle of rrfrmetiuHt and the Ye6ected ray ia perpen- 
dicular to the refracted ray. 

(133.) If the light which has passed through the first snr&ee 
fijl upon a second, parallel to the ftrst, the anffe of incidence upon 
the first aurfrce being P, that on the second is 12, and It » 90 — 
P(llO); whence, 

ta]i.Jl»cotP:biitcotP=s -. = — , and therefore, 

tan.P m 

tan. its JL 

m 

or tiie tangent of the incidence upon the second aurftoe is the 
index of the re^ustion firom the denser to the rarer medium. R Im, 
Aerefixe, the angle of polarization fbr the second snrfiice, and the 
light reflected firom that surface, as well aa that fitnn the first, will 
be polarized. 

Law of Partial Polarization qf Light by R^lexioiL 

(133.) Sir David Brewster has verified by an extensive series of 
experiments a law, which is doe to Fresnel, by which the eflbot 
of any number of refleziaBB, on the inclination of the planes of 
polarization of a beam of light, may be determined. The efibcC 
of a single refiexion at an angle difiSning firom the polarizing ai^le, 
is given by the equation 

tan. ♦ = tM. . e!=l(t±^ (Ill),- 

COS. (t — t') 

In which formula, t is the angle of incidence, t' the correaponding 
angle of refiraction, x the primitive inclination of the plane oi 
polarization of the polarized ray to the plane of reflexion, and ^ the 
uclination of the same planes after reflexion. The angle t — t' is 
evidently the deviation produced by refiraction, and t 4. f is the 
supplement of the angle between the refiractcd and reflected rays. 
When X » 45^ the case oooaidered in the text, p. 150, tan. «s 1, 
and 

tan. ^ » ^^d-h^') (112). 

cos, (t »') 
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(134.) The effect of 9ueee$9we rtJUxkm of a penefl of contmon 
light, <Hr in which x « 45<', miiy be deduced from the first equation' 
for the value of tan. ^ (111) ; for if represent the indmation of 
tlie plane of polarization to that of redSexion after n reflexions, 
tan. 9 as tan.* ^, x and ^ preserving the same relations to each 
other after any number of reflexions ; whence, 

t,^ , ^ coe. (i + 0- (JJ3 

cos. (» — %Y 

Since tan. B mx tan.* ^, and by the supposition tan. ^ is not sero^ 
it appears that although partially polarized light may have its 
planes brought indefinitely near to parallelism, by increasing the 
number of reflexions, yet tan. 9, and therefore 9, cannot become 
dbidlutely equal to zero by any number of reflexions. 

The rormula for tlie quantity of the ai^Murently polarized light 
could not, advantageously, be introduced in this pkce.* 

Poiarization of Light by ordinary Refraction, 

(125.) From an examination of the effect produced by a m^ 
surfoce upon the two planes of polarization in the beam of conunea 
light, Sir David Brewster inferred, that it depended upon the angle 
of deviation of the ray, and was represented by the formula, 

cot =» cos. (» — »') (114). 

in which ^ is the inclination of the planes of polarization \a the 
plane of the refraction, and i and i' the angles of incidence and 
refiraction of the ray. When t — i' a= 0® or t =» 90°, cos. <t — i') 
^ 1, and cot ^ = Ivor ^ ss 45°, and lio change is produced in 
the inclinaticm. When i — t' = 90°, cos. t — i' ^ 0, and cot ^ 
«B 0, or ^ = 90°. 

When the light is not common light, or light in which the 
planes of polarization are inclined 45° to the plane of refraction, 
if ar be taken to represent the inclination of the planes of poiariza- 
tion of the beam to the plane of refraction, 

cot = cot X. COS. (» — »') (115). 

If the light foil upon a second surfiice, parallel to the first, x for 
that surface is the value of ^ found for the first, and if be called 
the indination after n refra^ions, 

cot » s= cot* ^ = cot* X, COS." (» — (116). 

When cot « =: 1, that is, in the case of common light, 

cotO=cos.» (t — i") (117). 

(126.) By combining this formula with that for the partial polpu'- 
Ization by reflexion, we can readily obtain the effect produced upon 
light, which should reach the eye, afler two refractions, at the first 
surface of a plate, and an intennediate reflexion at the seodnd 
sorfoce. 

■ ■ iM ■■ II wi w ■ I I I ■ ■ ■-■ .III ■»■■ ■■■■II p ■■■ w ^pi ■ ■— — f^ I _ . I III I ^> I ■ \m^m\ \ ^^^mmmm 

* Sir D. Brewster, in Phil Trans. (Lon.) 1830. 



- Let f rqwemit the kielinatioii of the plane of poUriulbtt to 
tkat of rdSmetioii, after refiraction by the first surfiioe of the plate ; 
f' the indination prodooed by the itdlezion at the secood eur&ce ; 
^ad ^" that prodaced by the second refi-action at the first surface, 
•• the ray emerges, dalling, as before!^ t the angle of incidence 
on the first surface, t' that of refraction, and x the inclination of 
the planes of polarization of the incident light to the plane of ind- 
dMioe ; then nom (115), 

cotf«oot;i;.ooe.(t — i% ortan.^r= — ^^'^ , . 

cos. (t t ) 

From fimnnla (HI), for partial polarization by reflexion, 

tan.^=tan.^ cos. (» -f- t^ . == tan, x cos. (« -f- Q 
^ oos.(t — i') cos,(t— i')* 

(115), applied to the second surface of the [date, gives 
cot ^^ t=a ooL ^' . cos, (i — V); 



by tabstituting ibr oot ^ the reciprocal of the value just 
tend ftr tan. ^\ 

cot ^" = _1_ . .£2fJin£>l, or, 
tan. X cos. (i -|. t') 

cot ^" = cot 4P . C0«'(* — *'.^ (118). 

COS. (t -f i ) 

For oonunon light, in which x «s 45^, 

cot ^ =s COS. (t — »'), 

, co».(i-H') 
'^ COB. (i-^iV 

cot »"==. °^ (!-'•'>' (119). 

COS. (» -j. t^ 

^ in this latter case, 

COS. (f — -O^* = COS. (i -I- 0, 

and the light polarized by the first refiraction and the intermediate 
tefleziaii, will be restored by the refhiction at emei|riiig, to the state 
of common light The above equation will be satisfi^ in glass of 

which ^iL. = m = 1.525, at 78° T. 
sin. r 

If COS. (i — O^ > cos. (i -I- O, which would occur by dimm- 
ishing i, cot ^-^ > 1, and^"<45o. 

If COS. (1—0? « cos. (i -f. tan. ^'« 1, ^'«.45o,orthe light 
polarized by the first refiraction is restored to common light by the 
refiejdon. When refiracted at the iecond snr&ce, since, 



* 



tv the lights tfl depolarized at tl^e second rofiraction, and tbe eSSod «f 
tiie plate is tliat of a single surface.* 



CHAP.Vn, 

OF THE RAINBOW. 



(127.) To ez^ain tl^ theory of the rainbow, we begin by ths 
fiiUowing pnqposttion. 



Tt^cff^ XXXIV. Aray of li^ tnUn a rrfneting 9fhere^ U re- 
fleeted any number of times^ and emerges ; to determine the devia* 
tten when Hit a maximum^ or minimum. 

Flg,tL 




Let RL be a ray of liffht, meeting the refracting sphere LMNP 
at Lt and iefrae|Bd into JjM: LM meeting the second surface of 
the sphere at Jll^ is in part reflected into MN, which further suffers 
reflexion at JVP, taking the direction NP ; that part (^ NP which 
is not reflected, passes out of the sphere, bein? refhicted into t}ie 
direction PF, iy the law (^reflexion the angles CML^ CMN, &^ 
are all equal to ULM the angle of refraction at the first surface; 
the augle (^ emergenee IPF is, tiu^fore, equal to the angle of 
incidence RLK. Call. the angle of incidence ^ that of refraction 
a' ; the angle of deviation of 3ie re&acted ray LBi, or the angle 
HLM = ^ — ^' ; the angle of deviation at emergence, or the angle 
XP& = ^ «— ^' ; and the sum of the deviations is 8 (^ — ^'.) 'nie 
deviation produced by the first reflexicm, or EBIN =s 180 — LMI9 
s= ISO — 2^', and at each succeeding reflexion a new deviation c^ 
equal amount is produced ; the total deviation, therefore, afier n re* 

•Memoir kgr Jir a Brewster, in FML 3V«iM.(Lon.) 1830; 
H 



itftMtioa and rafleotioo ii, calting a the toUl deviatioii, 
a e 180n — 2n^' + 2(^— fO or 
i=180ii4.2^ — 2(n4.1)^' aSO). 

In wbich equatioD ^ and ^' are connected by the equation, (17, 

•rt 390 

BIO. f =s m. sin. f ' (17). 

When I if a maximom or minimum, d6 aao^ and by difbren- 
tiating (1200 considering ^ and ^' afl variable, 

2<j^ — 2(11 + l)Jf «e,or 
(1^ « (n ^- 1) li^'* 

By diiObrentiating (17), 

COS. ^ •d^ =s m. COS. ^* • d^ % 
in wfaiefa snbtftki^g the value just found for <2^, 

(n ^- 1) COS. ^ . rf*' « w ooi. ^' rf^', and 

(l> ^. 1) COS. ^ a m . COS. ^'« 

To oombiiie this with (17), square both equadons and adc^ «« 

■b). »^ + (n + I)*. «*.» ♦ — »». (on.* #' + «».» ♦Os 
bat, fb.* f « 1 — co»» f , wrf .in." f' + «».» f ' «« 1, wbom 

cfla.«*((n + l)»-l) + l-m» 
,0..*=/™!^ a2i> 

^ ii(n-{-2) 

(128.) The primary rainbow is formed by two refiractions and 
one reflexbn of the sun's light, by drops of ram, as shown iafig. 
134, page 224 of the text 

Producing the incident and emergent rays RF and Og^ TOtS 
they meet at 5; (120) gives by making <i « 1, 

3=180 + 2^—4^'. 

The angle q (RqO) is the suppl^nent of the deviation ^, whenee 

y =, 4^' — 2^ (122), 

and since q increases as i diminishes, 9 is a raaximnm when i is a 
minimum. Near the maximum value, q will change leas for a 
gitcn change ofincidenoe than at other vahias; and near this nMua> 



nn&o, therefere,the incident pett^S will emerge mort oopiodi^,and 
mflfect the eye most strooglj. Whmi j i» a mioimum, we have fiom 
the preoedingr article, by making n s= 1 in equation (121), 

coB.#= y5i=li (123); 

m which, if &r fti, the index of refraction of water fi>r the dil^ 
ierently colored rays be subetitnted, the angle of incidence will be 
fimnd at which each color ie most copiously transmitted to the eye. 
The angle ^ will be given at the same time by equation (122), tLod 
by the relation, 

sin. ^ ss m . iin. <^' (17). 

To determine the lunits of the value of ^ ^ the differently 
odored rays, we take the value of m fot the least and most n&ui>» 

giMe of those rays : for the red tn = — S , and finr the violet m 

109 
£= — . These values substituted fi>r m, in equation (123), we 

81 
obtain &om (123), fer the rei2 rays, 

cos. ss ^92, ^ = 59<' 21^, and sin. = .8603, whence from 
(17) sin. f =s .6452 and <p' ^ 40^ 11' ; therefiire firom (122), q « 
160O 44' _ 1180 42^ = 42° 2'. 

For the vkiUt rays the same equations give, 
cos. ^ =s . 5199,.^ =s 58^ 41^', and sin. ^ =» .8543; whence sin. 
^' = .6352, and #' = 39° 25', and j' = 157^ 40'— 117«> 23* — 
40O 17'. 

The breadth of the bow is measured by the a^Ie 9O/ » OnJS— 
g^:^^— .9'r=42<' 2'— 40oi7'e:P 45'. f^ Buiwoees the 
rays to flow firom a point The angle q bemg greater than 9^, the 
fine Oq is above O9', and the red is the highest color in the bow. 

(129.) The secondary rmniboWf shown in the same figure of the 
text, is fi>rmed by two reflexions and two refiractions: it corresponde 
to the case of m = 2 in the fi>rmula ^r the deviation. From this 
ibrmula (120) 

«=360 + 2^ — 6^'; 

but the angle GqO between the incident and emergent rays is the 
excess of Uie an^e of deviation above two right angles, menoe 

J =s 180 -I- 2^ — 6^' (124). 

By the same reasoning which was used in the preceding'artide, 
it may be shown, that the difi^rent colors will be transmitted most 
copiously, at incidences given by equaticm (121), in which n as 2, and 
pi is the index of refiraction corresponding to the cokired rays of 
which the in<ndence is sought From (121) 

««.#_y^!pi (125). 
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(1S5), did (lT),tiia iadax of refraction fbr the I 
refrangibli nja, or at ■■ — — ud m <=> — — . 

Br pmeMdinF u in tba lut utid*, we hare ftr the nd lajmi 
«<M.^=. JUS, * = n= 4Si'. m.t —SSm, dii.f « . TtX, 
f ' >B 45° 37*, uid ; •- 10° sr. 

For the maUl raja: coa.f b.3184, f = Tl°97i, un. f' — 
.70*6, ♦' = 14" 49, whence j* =*54<' 7". 

The angle, tf, (bi tiie ndet njt, belnjf ercater than the cor. 
wlMnillig angle fbr the red, the (inlet ia bt^ber than the red, in 
the bow ; tb« colon are (bererore inverted in relation lo thoae af 
■flMlldmal?. Theaoglsj'Ojttzj'— 7««3oi0'. 

The anealar diBtance between the bowa, gOg = 90° ST— 43* 

(130.) Tba breadth at tbe bowa, and oTthe apaea between lb«ln, 
having been meaiured on the auppoaitian that tlie nja flow fiaini 
a point, correction muat be made tor the apparent diamrter ef lb* 
Bolar diic, which !■ about 32'. On thia account tbe Ineadth at 
each bow ii increaaed b; 3S', bo that the primacy ia S° 17' in 
breidtli, and the aeeoadirf 3° 43'. The breadth or the space be- 
Iween At two bom ia, thiia, dlminkhed by 33', and is 8° 33'. IIm 
angle, q, tat the bigheit red o( tbe primary bow wiB be (&• 3* J. 
16^ ^ Iff; whente, if the eon is more *1"t, J9o ifti ,i„™, ,k. 
- Iramso, the pnniBiT bow ia not seen j the 
Un aeogoiary bow la £4° 33'. 

(131.) A portion i^ the light which en 
loat at aaeb reSeiion : fbr, by art. 41, in 



■11 l^a place at the MperatiB^ aor&ce 
Mr medium, the rctitisn ta Bin. t'=t '. 
it ftom the inveetigatinn It appears, t 



e inveetigatinn 
tlian unity, and tliBt the condition ncci 
neicr aattsfied. Tbe colora oT the leci 
fainter than thoae of the primary. 

The metind of invaMigating the theory of (be biTwi fbrmedby 
three oc more reflexiDna combined with two refractions, must be 
obrioua.lrom what lias tieen said in relation to the piimaiy and 
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UfDUE* 



Catoptrics, 13. App. 9. 

Qaaatkt fonned oy reflexion* 9B. 

App. 74. Fonned by refimction. G8. 
Gkareonl the most alMorptiTe of all 

bodies, ISO. 
GhevaUer, M., of Paris, makes use 

of a Bieniseos prism Ibr ttw ca* 

mora obsenra, S71. 
Cliristie, Mr., of Woolwicb, hit ex- 

Eriment oonfinned by those of M. 
irlocci and M. Zantedesclii, 84. 

Coddington, Mr., his observations on 
the compound microscope, 384 

Colors, /iccidental, and colored 
shadows. S54. Phenomena of, il- 
lustrated by ▼arious experiments, 
S99. 

Compression and dilatation, theur 
optical influence, 303. 

Crossed lens, App. 69. 

Crvstals with one axis of double re- 
fraction, 138. Whether miueral 
bodies or chemical substances have 
two axes of double refiraction, 133. 
A list of the primitive forms of, 
aooordinf to U«uy, 134. With 
one axis; system of colored rings 
in, 172. The influence of uniform 
heat and cold on, 203. Composite 
exhibited in the bipyramidal sul- 

{ihate of potash, 300. In apophyl- 
ite, ib. In Iceland spar, 308. Tke 
multiplication of images by the 
crystals of calcareous spar with 
one axis, 810. Diflbrent colors of 
the two images produced by dou- 
ble refiraction in crystals with oaa 
axis, 211. 

Cubes of glass with double refrac- 
tion, IW. 

Curves, caustic, formed by reflexion 
and refraction, 58. App. 74. 

Cylinders of glass with one positive 
axis of double refraction, 197. 
With a negative axis of double 
refraction, 196. 

D. % 

D'Alembert, 304. 

Davy, Sir Humphry, repeats Beraid's 
experiments on the heating power 
of the spectrum in Italy and at 
Geneva; the result of these ex- 
periments a confirmation of those 
of Dr. Herschel, 83. 

De Chaulnes, duke, 98. 

Descartes, 54. 

Deviation, angle of, 33L App. 37. 

Diamond, 31. 

Dlchroism, or the double color of 
bodies, 210. 

gioptrics, 2ft. A(^.2f>. 
Ispersion, irrationality of, 73. 



Dispersive powen, table f< Aiithov*s 
App. 310. 

Di Torre, Ather, of Naples, his im- 
provemeat oa Dr. Hooke's spiiana 
m mieroecopes, 880. 

Dollond, Mr., the achrooMitie tele- 
scope brought to a high degree oit 
perifectloa by, 76. 

E. 

EUipsoid, 54. App^ 72. 

E^glelleld, Sir Hwry, 81. 

Eriometer, an iastrament pro p osed 
by Dr. Young, a description of it ; 
and the maoner in whiieh it ia ta 
be used, 101. 

Sye, the human ; the strectare and 
functions of; 240. The refractive 
powers of humors of, 94SL The in- 
sensibility of, to direct imptessie— 
of £unt light ; duration of the iat- 
pressions of light on the retana, 
250 and 331. The caase of ata- 
gle vision with two ^•s,25L The 
accommodation oC to diflferent 
distances, proved by various ex 
perimenis, 5153. Lnng-sightedneai 
and short-aightedaess aecouatei 
for, 253. Insensibility to partios- 
lar colon, 259 and 388. 

E]re-pieces, achromatic, RamsdenHi ; 
ia universal use in all aehrooatie 
telesc<^es for land ol^jeota, 301. 

P. 

Faraday, Mr., his oiiservatioM ee 
glass tinged purple with manga- 
nese ; its absorptive power alteied 
by the transwiJasion d the eolar 
rays, 124. 

Fata Morgana, seen in the straits eff 
Messina, accounted for, 218. 

Fibres, minute, colors of, lOL 

Fits, the theory oC sttpe iao de d hf 
the doctrine of 'intermeoee. 111. 

Fluids, circular polariiataon in, dia- 
oovered by M. Biot and Dr. See- 
beck, 18& 

Focal point, 18. 

Foci, conjugate, 18. A^p. 15. 

Focus, prinapal, for parallel rays, 17. 
rules for finding the principal; |br 
convex lenses, 41. App. 98 ; for 
mirrors, 17. App. 14. Distance freet 
centre^ a mean proportional, Ac».« 
Ai^.l& Physical, of mirrors, A|^ 

Fraunhofer, M^nf Munioh, Sdu ob- 
servations on the lines in the ^ee- 
trum, 78; pereeivea siosilar bukb 
in the light of planeta, and fixed 
stars, 79. Illuminating power of 
the spectrum, 80. 

Fresneli M.,ezplauis tte pbeai 



imiBx. 
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of inflexion or cUffiracUon of light, 
86. Formula fbr polarization of 
li^t by reflexions, not at inaxi< 
mum poIariziBf angle, App. 80. His 
experiment on tbe intermrenee of 
pnlarixed lif ht, 180. Diacoverlea 
of, on circular polarisation, 180. 

G. 

Glassee, plane, 31. Multiplying, 873. 
Kefiraction of light through plane, 
36. App. 35. Achromatic <^ra, 
with tingle lenaee, 304. 

Gordon, tm duchess of, 91. 

Ckwiitf , Dr.rhifl improveroenta in all 
kinds of microscopes; introduces 
the use of test objects, 387 ; a work 
published by him and Mr. Pritch- 
ard on the microscope, 381. 

Oiay, Mr. Stephen, 330. 

wegory, James, the first who de- 
scribed the construction of the re- 
flecting telescope, $01. 

Orimaldf, his discovery of the in- 
flexion or difi^action of light, 86. 

H. . 

Bail,- Mr., inventor of the acfaro- 
matie telescope, 78. 

Halley, Dr.^ his obsenratlona on the 
rainbow, 936, 

Halos, 337. The colors of, described ; 
the origin of, and how produced, 
833. 

Hare, Dr., observation on translu- 
eency of gold leaf, 380l 

Bany, the abb^, discovers the want 
of electricity by friction in anal- 
eime, 184. 

Heat, the influence of, on the ab- 
sorbing powOT of colored media ; 
nnalogous phenomena in mineral 
bodies, 133. Heat and cold, tran- 
sient influence of, IVJ. 

Berschel, Mr., his discovery of an- 
other pair of prismatic images in 
thin plates of mother-of-pearl, 105. 
The principal data of the undnla- 
tory theory given by, lit. The 
results of many authors on the 
sul(ject of colored flames, given 
by, 134. His discovery that in 
crystals with two axes the axes 
change their position according to 
the color of the light employed, 
134. 

Herschel, Sir W., his experiment of 
the beating power of the spectrum 
confirmed by Sir Henry Englefield, 
81. Ink apirtied by him for obtain- 
inff a whita image of the sun, 131. 
Ckmstnicts a telescope, 40 feet 
long, with which he discovers the 
■izth aatellite of Saturn, 896. 



HeveHus, his observationi on a pa- 
raselene, 330. 

Home, Sir Everard, his desaiption 
of the pearl, 105. 

Hooke, Dr., constructs small sphens 
for microscopes, 380. 

Hnygens, his discovery of the law of 
double refraction in crystals, 131'; 
determines the extraordinary re- 
fraction of ' any point of tha 
sphere, 133. Publishes an elaborato 
history of halos, 331; his discov- 
ery of the ring and the fourth sat* 
cllite of Saturn, 389. 

Hnddart, Mr., several cases described 
by him of unusual refraction, 316. 

I. 

Iceland spar; of what composed; 
found in almost all countries, 136. 

Image by mirrors, curvature at ver- 
tex of, App. 34. Change of form 
by change of distance of object, 
App. 34; formed firom section, App. 
86 ; by a convex lens, App. 32 ; by 
a concave lens, App. 54. 

Incidence, angle of, equal to angle 
of emergence, 14. App. 39. Plane 
of, 14. 

Induration, the influence of, 305. 

Ink, diluted, absorbs all the colored 
rays of the snn in equal propor- 
tion ; applied by Sir William Her- 
schel, as a darkening substance, 
for obtaining a white image of 
the sun, 131. 

Interference, the law of, 115. 

lolite, properties of, 311. 

Iris ornaments invented by John 
Barton, Esq. 107. 

J. 

Jansen, his invention of the single 

microscope, 379. 
Jurine and Soret, observation of an 

anusual refraction, 318. 

K. 

Kaleidoscope, formation and prin* 

ciple of the, 363. 
Kirchcr, the inventor of the magic 

lantern, 376. 
Kitchener's, Dr., pancratic eye-tube. 

303. 



Landriani, 81. 

Lantern, magic, invented by Kir- 
Cher, S76. 

Latham, Mr., 331. 

Lerebours, M., has lately executed 
two achromatic object-glasses, 
which are in Sir James 8outh*s 
observatory at Kensington, 300. 
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Lehot, kit work on Um ••«tof vis* 
ion, 944. 

Le Maire. 51. 

Lent, ■pherical, eoncavo-convex, 
doaUe-coovex, plaoo-conTez, doo- 
Ue^ooncave, plano-conGave,31;of 
least aberration, Ah^ 68. 

Lens, a plano-convex, ilie principal 
Ibcus of, 43. App. 43. Plano-con- 
cave, renraction by, App. 47. 

*— achromatic, 76. 

Lenses, the formation of images hy, 
App. 50. Their magnify injcno veer, 
46. Convex and concave, 9S7. App. 
37, 45, and 54. Burning and illn- 
ninating, 368. 

Lenses, polyzonal, constructed for 
the Commissioners of Northern 
Lighthouses ; introduced into the 
principal French lighthouses, 369. 

Ltgbt, the velocity with which it 
moves ; moves in straight lines, 13. 
Falling upon any surface, the an- 
gle of its reflexion equal to the 
angle of its incidence, 14. The to- 
tal reflexion of, 34. App. 37. Re- 
fraction of, through curved sur- 
lkces.37. Refraction oC through 
nheres, 38. App. 43. Refraction of; 
through concave and convex sur- 
faces, 40. App. 31. Refraction of, 
through convex lenses, 41. App. 
37. Refk-actionoCthroufh concave 
lenses, 44. App. 45. Refraction of, 
through meniscus and concavo- 
convex lenses, 45. App. 48. On the 
colors and decomposition of white 
light, the composition of, discover- 
ed by Sir I. Newton, 63. Diflerent 
refVangibilities of the rays of ; re- 
coniposition of white tight, 65. De- 
ctMuposition of, by absorption, 67, 
and 315. The inflexion or.diflTrae- 
tion of, 86. Several curious prop- 
erties of, 107. The interference of, 
111. The absorption of, ISO. A 
new method proposed of analyzing 
white lit ht, 134. Double refraction 
of, first discovered in Iceland spar, 
iSn. Polarization of, by douUe re- 
fl'action, 138. Partial polarization 
of, by reflexion, 1^. App. 83; and 
bv ordinary reflraction, 153. App. 
83. Polarized, the colors of crys- 
tallized plates in, 183. The acUon 
of metals upoh ; absorptive powers 
oi;310. t" r- 

Loadstone, various experiments by 
profbssor Barloeci and Zante- 
oeachi on the magnetizing power 
of Ught on, 85. 



M. 

Magiietitm, experiments iHnsCnUr* 
or, as developed by light, 85. 

Mains, M., discovers the polarisa* 
tton of light by reflexioa, 14SL 
Law <^ App. 81. 

Mariotte, his curioos diac o very that 
the base of the optic nerve waf 
incapaMa of conveying to Um 
brain the iaapreasioa « distiacS 
vision, 343. Theory of vinon 
proved by comparative anatomy, 

M^aaeope, a modifieatio« of the 
camera obscure, 370. 

Melloni, CKgnor, observations on ab- 
sorption of heating rays of spec- 
trum, 316. 

Meniscus, 33. Its eflfiset on paralM 
ny ; its efiect on diverging rays, 
45. App. 48. 

Microscope, single, 51. The macnl- 
lying power of; invented by Jaa* 
sen and OrebeU, 979. Made of 
garnet, diamond ruby and sap* 
phire, 880. _^ 

" reflecting, 51. First 
propo«ed by Sir Isaac Newton'; re- 
vived in an improved foraa by pce> 
feasor Amici of Modena, 966. 

— — — — — compwind, 983. 
solar,988. 



Microscopic observations, rules for, 
387. 

Mirage, a nasM given to.eertain ef- 
fects of unusual'ref^ction, by the 
French army, while marching 
through the sandy deserts of Lower 
Bgy^SIB. 

Mirrors, 18. Images formed by, 99. 
Ai^ 33. Concave, formation of 
images by, 83. App. 34. Thepro^ 
erties by wliich they are distia- 
gui8bed,965; used as lightboose 
reflectors, and as burning instru- 
ments, 966. Convex, formation of 
images by,- 94. App. 96. Plane, 
fwmation of images by, 95. Appt 
96. Spherical aberration oi; 57. 
App. 55. Plane and curved, 961. 
Plane burning, the efibct produoed 
by a nnmbmr of these, 964. Ptane, 
reflexion by, App. 13. 

Mohs, prismatic system of, 173. 

Morichini, Dr., his experiment on the 
magnetizing power of the solar 
rays, 83; magnetizes several nee- 
dles in the presence (^ fiUr H. 
Davy, profossor Playfhir, and other 
Baglii^pWIosopberB, 84. 



|»kI oyatcr: loot empioreil in 

cokKi miy be obKivsd. lOS. 

K. 

KowtoB, Sir Thkc, bia diiooTerj of 
tbg compiHilioii of whlu liibl, K. 
EamnpoHt white liabi, as. In- 
teilon or diflhiMiQn af U(ht de- 
KriUdlij.S&. Hii iDDttKKl of pro- 

A. Hi* obHrraliaiH on Uh colon 
•f Ibkk ^atH ptodueed by cnn- 
eiTe flM* nirnn, ST. BlittKorj 
or the colon of nUonl bvdiH. tM. 
Hi! uparimeiit of ueidcnul co- 
lon.m WHibaantviHi|i|)li«l 
■ ntRUiiKulu ptiain in r" — " — 
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Jeet atndlad witli mck nwcltr 

•od niecsB, b; H.%cii, lU.^iip- 
liu). 1«0. 
roru. BapUtU, hla InTanlioo of Ika 

Primiirf fUat. App. IB. 
Pilnelpal focal dinanta, IT. 
Fliiou. nftaetion of liibt Uirouh 

31 App.U. 
Frtmi, crown flaaa, aad (fianond, 

Iha dlipanin powen of, eameuad. 



BadlaBi {Bial. IB. 
Baiiboir, pHiun 
S>3. App-at 1 



wboilj polanaed 
tkE ndil of Um ■ 






'mirror. App. 19; whlc^ 
flcurw» bcaati^il, bow pn^ 



OpifM. pliyi 

OHdn. ii»L^.». .^.u.. 
ijchanja of color by 
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of FlMt^trMt, (leeaica 



riuBtaHUteiia, 377. 

Platea. Ibio colon of. M. Of air. 

mier, and itaaa. 83. Thick, flm 
obaomd and dncrihcd by Sir I. 
Nevlon aa prodaced by concava 
ninon, 97; a method by vUeh 

Ihair lb»iy boRamdi^W. Ba- 
- ftictioB through, App- 3D. 

Polariaalton by reAeiion, law ol 
App. 81. Belalito la reriaciian 



UOD, App. 83. CiicBlari lb 



ni«iB(.W. Apa «. Rnlo Tot flnd- 
iog tha tbua of a concaro Ivna Tor 
div«rtiat,U. App.M. Solar ran, 
Iba uagnaliiiBi power of, S3- 
ralliac perpeBdiailarly on llH 
aoilkee of a priam, App. SO. 
Raatajpmu pUi« of |l»at with do 

KeOaiioa it nauila and mlnun; 
Biifle oT. Q. nana ot. 14. Fita r.1. 
IIL Total, 34. Al)p.27. FoiinulB 



BefTactioo. anfle Bf,X;im4ezoC,M, 
•pp. K. Through piiinui.31. Am. 
;: AiutleDaea.3i: App-Sl. Tte 
wpoalliiM of wbita iifht dlisa* 



M INDEX, 

•rad hf, 63. •Polarlsatkm by, 153. 
Ami. 83. Unusual. 815. fiurfHces 
or accurate, App. 71. 

B«Araction, double, the law of, at K 
exists in Iceland spar, 136. Law 
oC App. 79. Communicated to 
bodies by beat, rapid cooling^res- 
rare, and induration, 135. Cfene- 
ral observations on, 814. 

Kefractive power, tables of, Aatlior*fe 
App. 310. Absolute, 310, 315. 

Riess and Moser, MM., their experi- 
ments on the magnetizing power 
of solar rays, 85. 

Rochon, 81. 



Sdieele, the celebrated, 88. 

Sebeiner, the original account of a 
parhelion seen Dy« 338. 

Booresby, captain, in navigating the 
Greenland seas, observed several 
cases of unusual refraction, 817. 

Btcondary plane, focal length in, 
found, App. 31. 

fleebeck, M., his experiments on the 
heating power of the spectrum, 83. 
And on the chemical influence of, 
83. ' Published an account of ex- 
periments with cubes and glass 
cylinders, 808. 

Self-luminous bodies, 11. 

8enebier, 81. 

Bolar spectrum consists of three 
colored spectra of equal lengths, — 
red, yellow, and blue, 08. 

Bomervine, Mrs., her ei^riroents; 
produces magnetism in needles, 
which were entirely fVee fh)m 
magnetism before, by the solar 
rays ; her experiments repeated by 
M. Baumgartner, 84. 

Spectrum, the, 78. Properties of; 
the existence of fixed lines in, 78. 
The illuminating power of, 80. 
The heating power of, 81. Chem- 
ical influence of, 83. 

Spectacles, periscopic, invented by 
Dr. Wollaston, 867. * 

Specula, plane, concave, and con- 
vex, 13. 

Sphere, rule for finding the focus of, 
40. App. 48. 

— — of glass, with a number of 
axes of double refraction, 801. 

Spherical surthces, of same curva- 
ture, refraction by, 49. 

Q^heroids, class, with one axis of 
double refraction, 301. 

Substances with circular double re- 
firaction, 136^ 

Sulphuric acid, 78. 



Surftices, grooved, the prodveCiMi tS 
color by; and of tlw commuBka* 
bility of these colors to rarieos 
sabslances, 104; applied to the 
arts by John 3arton, Eaq^ lOS. 

T. 

Tabasbeer, the refractive power oi; 
830. 

Talbot, Mr., his experiments on the 
colors of thin plates, 97. His ob* ' 
servations on films of blown glass, 
100. 

Teinoecope, 303. 

Telescope, reflecting, 50. Astronma- 
ical refracting, 51. Achromatie, 
one of the greatest inventions of 
the last century, pronounced by 
Newton to be hopeless; accom- 
plished soon after bin death, by Mr. 
Hall ; brought to a high degree of 
perfection by Mr. DoUond, 76. Ter- 
restrial, 390. Galilean, 391. Gre- 
Sorian reflecting, 3111. A rule to 
nd the magnifying power of, Stt. 
Caaaegrainiau, 393. Newtonian, 
an improvement on the Gregorian 
one, 394. Sir William Herschers. 
896. Mr. Raniage's, 897. Acbro- 
matic solar, with single lenses, 305. 
Imperfectly Achromatic ; the im- 
provement of, 306. 

Thenard, the first wIh> obsoved 
blackness produced on phmpbo 
riis, 184. 

Thickness, correction for, App. 3S. 

Topaz, BrtKulian, 310. 

transmission, fits ot. 111. 

U. 

Undulationa, theory of, 116 and 318 
Great progress of, in modern timea; 
the doctrine of interflereace in ae- 
cordance with, 118. 

V. 

Yergency, termuaedby Uoyd, App.18 

Villele, M., of Lyons, burning in* 
struments made by, 866. 

Vince, Dr., his observations on an- 
usual refaction, 816. And on a 
most remarkable case of mirags* 
818. 

Vision, the seat of, 843. Erect, the 
cause of, from an inverted imaget 
846. Distinct, the law o^ 847. Ob- 
lique, 848. 

Visible direction, the law <^, 945 » 
the centre of, 346. 
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ygrmtm, Um abMrptive powwr of, ISO. 
Tot liefttiiig tmyn, 317. 

ITTonafton, Dr., feii diBCoveriei on 
tbe chemical efibcts of light on 
cum guaiacum, 83. His invention 
of the periscopic spectacles, 267. 
Of the camera lucida, «77. Dou- 
blet. 9B4. Befraction through 
strata of air of dififerent densities 
proved by, 819. 
Vl^unscb, Mm his observaflons on 
alcohol and oil of turpentine, 891 



Y. 



Young, Dr., his invention of tbo In- 
strument called the eriometer, 101. 
His illustration of the undulatorjr 
theory drawn from the spring and 
neap tides, 118. His experiments 
on the interference of the rays of 
light, U4. 

Z. 

Zantedeschi, M., his observations on 
oxidated magnets and those which 
ore not oxidated; repeats Mr. 
Christie's experiments on needles 
vibrating in tbe son^s light, 85. 



THE END 
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